THE 


ASTROPHYSICAL JOURNAL 


An International Review of Spectroscopy and 
Astronomical Physics 


FouNDED IN 1895 BY GEORGE E. HALE AND JAMES E. KEELER 


EDITORS 
Henry G. GALE FREDERICK H. SEARES 
Ryerson Physical Laboratory of the Mount Wilson Observatory of the Carnegie 
University of Chicago Institution of Washington 
Orto STRUVE 
Yerkes Observatory of the University 
of Chicago 


COLLABORATORS 


Watter S. Apams, Mount Wilson Observatory; JosepH S. Ames, Johns Hopkins University; W1Lt1AM W. 
CAMPBELL, Lick Observatory; HENRY Crew, Northwestern University; CHARLES FABrRY, Université 
de Paris; ALFRED Fowter, Imperial College, London; Epow1n HuBBLE, Mount Wilson Ob- 
servatory; HernricH Kayser, Universitét Bonn; Roperr A. MILLikAN, Institute of 
Technology, Pasadena; HucH F. NEwALL, Cambridge University; FRIEDRICH 
PASCHEN, Reichsanstalt, Charlottenburg; HENRY N. RuSSELL, Prince- 
ton University; FRANK SCHLESINGER, Yale Observatory; 
Hartow SHaerey, Harvard College Observatory 


VOLUME 84 


JULY-DECEMBER 1936 


RY) 


THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS 
THE CAMBRIDGE UNIVERSITY PRESS, Lonvon 


THE MARUZEN COMPANY LIMITED, Tokyo 
THE COMMERCIAL PRESS, LIMITED, SHANGHAI 


| | 


PUBLISHED JULY, SEPTEMBER, OCTOBER, NOVEM- 
BER, DECEMBER 1936 


COMPOSED AND PRINTED BY THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS, U.S.A. 


r * 
‘ 


CONTENTS 


NUMBER I 
PAGE 
MULTIPLET STRENGTHS FOR TRANSITIONS INVOLVING EQUIVALENT ELEC- 
TRONS. Donald H. Menzeland Leo Goldberg . . . . . . I 
NoTE ON ABSOLUTE MULTIPLET STRENGTHS. Leo Goldberg . . . . 11 
SPECTRUM OF NovA HERCULIS 1934, APRIL-NOVEMBER, 1935. Walter S. 
Adams and Alfred H. Joy ....... . 
ANALYSIS OF THE SPECTRUM OF SINGLY IONIZED SAMARIUM. Walter 
ATOMIC SYNTHESIS AND STELLAR Enercy. III. R. d’E. Atkinson . . 
A REDISCUSSION OF THE ORBITS OF SEVENTY-SEVEN SPECTROSCOPIC 
LINES OF NEUTRAL OXYGEN AND CARBON IN THE SPECTRA OF NOVAE. 
NUMBER II 
THE AGE OF THE Mitky Henri Mineur . . .. > 


ABSORPTION AND SPACE REDDENING IN THE GALAXY FROM THE COLORS OF 
GLOBULAR CLusTERS. Joel Stebbins and A. E. Whitford . . . . 132 


THE LUMINOSITY FUNCTION OF NEBULAE. I. THE LUMINOSITY FUNCTION 
OF RESOLVED NEBULAE AS INDICATED BY THEIR BRIGHTEST STARS. 


A STUDY OF THE SPECTRUM OF 25 Orronis. Helen W. Dodson . . . 180 
SCATTERING OF LiGHT IN DIFFUSE NEBULAE. Otto Struve and Helen 

REFLECTION NEBULAE. Otto Struve, C. T. Elvey, and F. E. Roach . . 219 
THE System OF Potaris. B. P. Gerasimovié . . . . . . . . 229 


RECENT CHANGES IN THE SPECTRUM OF y CASSIOPEIAE. Dean B. Mc- 


iii 


Ast ” 
st 2 
\W 
je 


iV CONTENTS 


NUMBER III 
PHOTOGRAPHIC PHOTOMETRY. Frank E. Ross 


THE LUMINOSITY FUNCTION OF NEBULAE. II. THE Luminosiry FUNC- 
TION AS INDICATED BY RESIDUALS IN VELOCITY-MAGNITUDE RELA- 
TIONS. Edwin Hubble 


VARIATIONS IN THE SPECTRUM OF P Cyont. O. C. Wilson 
Low-DIsPERSION SPECTRA OF RED Stars. Rupert Wildt 


THE MoTIONS OF PROMINENCES OF THE ERUPTIVE AND SUN-SPOT TYPES. 
Edison Pettit . 

THE CHANGE OF THE SOLAR VELOCITY WITH INCREASING DISTANCES OF 
THE STARS FROM THE GALACTIC PLANE. Emma T. R. Williams 

NOTES 
CONFIRMATION OF THE DuPLicity OF CAPELLA H. G. P. Kuiper 


NOTES ON VISUAL BINARIES OF LARGE PARALLAX. G. P. Kuiper . 


REVIEWS . 


NUMBER IV 
PHOTOELECTRIC PHOTOMETRY AT THE SPROUL OBSERVATORY. John S. Hall 


THE PHOTOGRAPHIC DETERMINATION OF STELLAR PARALLAXES WITH THE 
60- AND 100-INCH REFLECTORS. FIFTEENTH SERIES. Adriaan van 
Maanen 


An IMPROVED METHOD OF DETERMINING ABSOLUTE-MAGNITUDE DIs- 
TRIBUTIONS, WITH APPLICATION TO THE EARLY K Stars. Gustaf Strém- 


berg 
INTENSITIES OF BLENDED ABSORPTION LINEs. A. D. Thackeray 


THE THEORETICAL INTERPRETATION OF EQUIVALENT BREADTHS OF AB- 
SORPTION LinEsS. Donald H. Menzel . 


NOTES 
NOTE ON EQUIVALENT BREADTHS OF ABSORPTION LINEs. J. G. Baker 


CONSTANCY OF WAVE-LENGTH OF A SPECTRAL LINE. Guy C. Omer, 
Jr., and James L. Lawson 


A NEw BInNary OF LARGE PARALLAX. G. P. Kuiper 


PAGE 
241 


360 


409 


412 


433 


462 


474 


477 
478 


| 
Sl 
319 
346 
359 
8 350 


CONTENTS 


NUMBER V 
THE STELLAR TEMPERATURE SCALE. A. Pannekoek 
A SPECTROSCOPIC EXAMINATION OF METEORITES. Arthur S. King 


EFFECTS OF RED SHIFTS ON THE DISTRIBUTION OF NEBULAE. Edwin 
Hubble 


COMPUTATION OF MEAN PARALLAXES, MEAN ABSOLUTE MAGNITUDES, 
AND MEAN DISTANCES FOR GROUPS OF STARS FROM COMPONENTS OF 
THE PROPER Motions. Gustaf Strémberg 


A SPECTROGRAPHIC STUDY OF ¢ PERSEI. Herbert F. Schiefer 


WAVE-LENGTHS OF THE SPECTRUM OF /7, FROM A 3612 TO A 4224. Norton 
A. Kent 


PHOTOMETRY OF THE D1FFUSE NEBULA NGC 7023. Philip C. Keenan 


ON THE POLARIZATION OF LIGHT IN REFLECTION NEBULAE. L. G. Henyey 


517 


555 
568 


585 
600 


609 


PAGE 
ao 


\ 
| 
1 
& 
| 
‘ 
q 
f 
| 
| 
| = 
be 
| ‘ 
i 
xe 


JUL 24 W396 


VOLUME 8 NUMBER 1 


ASTROPHYSICAL 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY 
AND ASTRONOMICAL PHYSICS 


Founded in 1895 by GEORGE E. HALE and JAMES E. KEELER - 


Edited by 
HENRY G. GALE FREDERICK H. SEARES 
Ryerson Physical Laboratory of the Mount Wilson Observatory of the 
University of Chicago Carnegie Institution of Washington 
OTTO STRUVE 
Yerkes Observatory of the 
University of Chicago 
JULY 1936 
MULTIPLET INVOLVING EQUIVALENT ELEC- 
TRONS - - - - - - - = Donald H. Menzel and Leo Goldberg 1 


NOTE ON ABSOLUTE MULT’PLET STRENGTHS - - - - - = oe On il 


SPECTRUM OF NOVA HERCULIS 1934, APRIL-NOVEMBER, 1935 . 
Walter S. Adams and Alfred H. Joy 14 


ANALYSIS OF THE SPECTRUM OF SINGLY IONIZED SAMARIUM - Walter Albertson 26 
ATOMIC SYNTHESIS AND STELLAR ENERGY. Ill - - - - + «= R.DE. Atkinson 73 


A REDISCUSSION OF THE ORBITS OF SEVENTY-SEVEN SPECTROSCOPIC BI- 


LINES OF NEUTRAL AND CARBON IN THE SPECTRA, 
Dean B. McLaughlin 104 
REVIEWS 


Handbuch der Astrophysik, Vol. VIL, G. Epzrnarp, A. Koutscutrrer, and H. (ele) 
(Otto Struve), 111; Osiris, Vol. I, Gzorce Sarton (ed.), 112. 


THE UNIVERSITY OF CHICAGO PRESS — : 
CHICAGO, ILLINOIS, U.S.A. 


a 
ig 


July 1936 Vol. 84, No. 1 


THE ASTROPHYSICAL JOURNAL 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY 
AND ASTRONOMICAL PHYSICS 


Edited by 
HENRY G. GALE FREDERICK H. SEARES 
Ryerson Physical Laboratory of the Mount Wilson Observatory of the 
University of Chicago Carnegie Institution of Washington 
OTTO STRUVE 
Yerkes Observatory of the 
University of Chicago 
WITH THE COLLABORATION OF 
WALTER S. ADAMS, Mount Wilson Observatory HEINRICH KAYSER, Universitat Bonn 
JOSEPH S. AMES, Johns Hopkins University ROBERT A, MILLIKAN, Institute of Technology, Pasadena 
WILLIAM W. CAMPBELL, Lick Observatory HUGH F, NEWALL, Cambridge University 
HENRY CREW, Northwestern University FRIEDRICH PASCHEN, Reichsanstalt, Charlottenburg 
CHARLES FABRY, Université de Paris HENRY N. RUSSELL, Princeton University 
ALFRED FOWLER, Imperial College, London FRANK SCHLESINGER, Yale Observatory 
EDWIN HUBBLE, Mount Wilson Observatory HARLOW SHAPLEY, Harvard College Observatory 
Former Editors: 


GEORGE E. HALE JAMES E. KEELER EDWIN B. FROST 


The Astrophysical Journal is published by the University of Chicago at the University of Chicago Press, 
- 5750 Ellis Avenue, Chicago, Illinois, during each month except February and August. {The subscription 
price is $6.00 a year; the price of single copies is 75 cents. Orders for service of less than a half-year will be 
charged at the single-copy rate. {Postage is prepaid by the publishers on all orders from the United States, 
Mexico, Cuba, Porto Rico, Panama Canal Zone, Republic of Panama, Dominican Republic, Canary Islands, 
E] Salvador, Argentina, Bolivia, Brazil, Colombia, Chile, Costa Rica, Ecuador, Guatemala, Honduras, Nica- 
ragua, Peru, Hayti, Uruguay, Paraguay, Hawaiian Islands, Philippine Islands, Guam, Samoan Islands, 
Balearic Islands, Spain, and Venezuela. {Postage is charged extra as follows: for Canada and Newfound- 
land, 30 cents on annual subscriptions (total $6.30); on single copies, 3 cents (total 78 cents); for all other 
countries in the Postal Union, 80 cents on annual subscriptions (total $6.80), on single copies, 8 cents (total 
83 cents). {Patrons are requested to make all remittances payable to The University of Chicago Press, in 
postal or express money orders or bank drafts. 
The following are authorized agents: 

For the British Empire, except North America, India, and Australasia: The Cambridge University 
Press, Fetter Lane, London, E.C. 4. Prices of yearly subscriptions and of single copies may be had on 
application. 

For Japan: The Maruzen Company, Ltd., Tokyo. 


For China: The Commercial Press, Ltd., 211 Honan Road, Shanghai. Yearly subscriptions, $6.00; — 


single copies, 75 cents, or their equivalents in Chinese money. Postage extra, on yearly subscriptions 

8o cents, on single copies 8 cents. 

Claims for missing numbers should be made within the month following the regular month of publica- 
tion. The publishers expect to supply missing numbers free only when losses have been sustained in transit, 
and when the reserve stock will permit. 

Business correspondence should be addressed to The University of Chicago Press, Chicas, Illinois. 

Communications for the editors and manuscripts should be addressed to: Otto Struve, Editor of Tar 
ASTROPHYSICAL JOURNAL, Yerkes Observatory, ‘Williams Bay, Wisconsin. 

The cable address is “Observatory, Williamsbay, Wisconsin.” 

The articles in this journal are indexed in the International Index to Periodicals, New York, N.Y. 

Applications for permission to quote from this journal should be addressed to The University of Chicago 
Press, and will be freely granted. 


Entered as second-class matter, January 17, 1895, at the Post-Office, Chicago, Ill., under the act of March 3, 1879. 
" for mailing at special rate of postage provided for in Section 1103, Act of October 3, 1917, authorized on July 
I, 1918. 


PRINTED IN THE U.S.A. 


THE ASTROPHYSICAL JOURNAL 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 


VOLUME 84 JULY 1936 NUMBER 1 


MULTIPLET STRENGTHS FOR TRANSITIONS 
INVOLVING EQUIVALENT ELECTRONS 


DONALD H. MENZEL AND LEO GOLDBERG 


ABSTRACT 


Bacher and Goudsmit have shown that the parentage of a term arising from a shell 
of equivalent electrons is expressible as a linear combination of all the terms of the ion. 
When two or more terms of a kind occur in the same configuration, however, the method 
gives only the sum of the parentages of the terms involved. The resulting parentages 
may be used with the well-known Krénig formulae to calculate multiplet strengths in 
transition arrays where the jumping electron is equivalent to others in only one of the 
two configurations. At the present time, the method is applicable to all arrays involving 
equivalent s- and p-electrons, and to arrays involving not more than three equivalent 
d-electrons. 

For convenience of calculation a table containing the parentages of terms arising 
from equivalent electron shells is given. The table also lists the configurations of astro- 
physical interest to which these parentages may be applied in the calculation of multi- 
plet strengths. 


The problem of the calculation of relative multiplet strengths in 
LS coupling, by methods sufficiently simple to warrant their general 
astrophysical application, is one that has received the attention of 
many investigators, notably R. de L. Krénig, M. H. Johnson, Jr., 
G. H. Shortley, and E. U. Condon and C. W. Ufford. The first step 
toward a solution was made by Krénig," who demonstrated the 
analogy between the relative strengths of lines within multiplets 
and of multiplets within supermultiplets, where the transition elec- 
tron is not equivalent to any other electron in either the initial or the 


* Zs. f. Phys., 33, 261, 1925. 
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2 DONALD H. MENZEL AND LEO GOLDBERG 


within a supermultiplet are given by Krénig’s formulae for line 
strengths, when we substitute L; for S,/ for L, and L for J, where 
L; pertains to the orbital angular momentum of the parent term 
upon which are based the terms of the supermultiplet, / is the azi- 
muthal quantum number of the jumping electron, and L expresses 
the total orbital angular momentum. The foregoing application was 
extended to whole transition arrays by Shortley,’ who pointed out 
that the total strength of a supermultiplet is proportional to 
(2S+1)(2L;+1), where (2S+1) is the multiplicity of the multiplets 
in the supermultiplet. With this relation and the Krénig formulae, it 
is a simple matter to calculate the relative strengths of all the multi- 
plets in any given transition array, subject to the foregoing restric- 
tion. 

Since the Krénig formulae involve the quantity L;, they may be 
utilized only when the parentages of the various terms are definitely 
specified. In arrays where the jumping electron is equivalent to 
others in one of the two configurations, the parentage of a term of 
the equivalent shell is not always immediately evident. For ex- 
ample, the configuration p? - p gives rise to three ?P terms, based 
respectively on *P, 'D, and 'S of p’. In the case of p’, however, the 
Pauli exclusion principle allows but one *P term. The question at 
once arises whether this term is based entirely on one of the terms 
of p’, whether it is based on a linear combination of all three, or 
whether parentage has no significance in this instance. Until 
recently, the last possibility was supposed to be the correct one. A 
partial solution of the difficulty was supplied by Condon and Uf- 
ford, who derived intensities by a quantum-mechanical method 
based on the principle of spectroscopic stability. Their treatment is 
a general one, and is applicable to both equivalent and non-equiva- 
lent transition electrons. Since the method does not take parentages 


2 The one exception to the restriction as to the non-equivalence of the jumping elec- i 
tron is in the array nl?—nln'l’, where the relative strengths of the permitted multiplets 
are the same as the relative strengths of the corresponding multiplets of the array 

3 Proc. Nat. Acad., 20, 591, 1934. 

4 Phys. Rev., 44, 740, 1933. For details of the calculation and terminology, c.f., 


L. Goldberg, Ap. J., 82, 1, 1935. 
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into account, it makes no distinction between two or more terms of 
a kind’ arising from the same configuration; hence, when two or more 
terms of a kind occur in a given configuration, the method gives only 
the swm of the strengths of all the transitions between these terms 
and a term, or set of like terms, in the second configuration, and not 
the individual strengths. This feature of the method limits its use- 
fulness in astrophysical problems. 

The possibility of calculating absolute multiplet strengths in the 
general case, by direct application of the Krénig formulae, has been 
reopened by the recent work of Bacher and Goudsmit.° These in- 
vestigators have shown that it is possible to express the parentage of 
a term arising from a shell of equivalent electrons as a linear com- 
bination of all the terms of the ion, except when a term is duplicated. 
In this event, the method gives only the sum of the parentages of the 
like terms. In an earlier note’? we have outlined briefly a method of 
calculating relative multiplet strengths when the transition electron 
is equivalent to others in only one of the two configurations, by 
utilizing the Krénig formulae and the concepts of fractional parent- 
age as developed by Bacher and Goudsmit. In the present paper, 
we describe the method in more detail and illustrate its application 
to the transition array p*—p’d. Also, for convenience of calculation, 
we tabulate the parentages of terms arising from shells of equivalent 
electrons in so far as it is possible to evaluate them at the present 
time, and discuss some difficulties that have arisen in connection 
with the application of the method to transition arrays involving 
equivalent d-electrons. 

Consider the transition array /*—/*~/’, in which the jumping elec- 
tron is equivalent to others in /* only. Denote the terms of /* by 
A,, A,,...., Aj,....,An, and the terms of the parent con- 
figuration by A{, Then the parentage 
of a term Aj, with respect to the ion /‘~", may be symbolically writ- 
ten as follows: 


A; Al (1) 


5 I.e., terms characterized by the same values of Z and S. 
® Phys. Rev., 46, 948, 1934. 
7D. H. Menzel and L. Goldberg, ibid., 47, 424, 1935. 
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The sum of the coefficients, a, b, c, etc., will be equal to the number 
of equivalent electrons in the configuration /*: 


at+b+c+ =k. (2) 


Also, the number of terms that have non-zero coefficients in the ex- 
pression for the parentage of A; will, in general, be equal to the num- 
ber of times that A; occurs in the configuration /*—-'-].5 Now, the 
Pauli principle is not to be regarded as excluding all but one par- 
ticular A; term, when the configuration /‘-'-/ goes to J‘. Instead, the 
A; term that is allowed in /* takes upon itself the combined proper- 
ties of each of the A; terms of /*~'-/. The proportions in which it 
assumes these properties are governed by the values of a, 3, c, etc. 
All transitions that are permitted between the A; terms of /*-'-/ and 
the terms of /*—"/’ will likewise be permitted between /*A; and the 
terms of /‘—"/’. The absolute strengths of the multiplets arising from 
the latter transitions may be obtained by multiplying the absolute 
strengths (in terms of o”, the squared one-electron matrix compo- 
nent) of the multiplets originating from the /*'-/A; terms in the 
transition array /*-'./—J]*—"I’ by the coefficients a, b, c, etc., which 
must be introduced in order to take into account the fact that /*A; 
takes on the properties of the /‘~'-/A; terms in differing amounts. 

The absolute strengths of the multiplets in the array /*-t-]—]'—I’ 
may be calculated in terms of the quantity o? from the Kroénig 
formulae. ¢ is a function of the total and orbital quantum numbers, 
nl and n’‘l’, of the jumping electron, and is given by 


4P—1Jo 
where e is the charge on the electron in electrostatic units, and 
R(n, and R(n’, are the normalized radial eigenfunctions of the 
jumping electron. 
To illustrate, let us consider the transition array p’—p’d. The 
parentages of the terms 4S, ?D, and ?P, that arise from the configura- 


8 The discussion is simplified by the assumption that the configuration /‘ gives rise 
to not more than one term of a kind. The foregoing considerations apply equally well 
to configurations giving rise to two or more terms of a kind. 
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tion p’, may be calculated by the method given by Bacher and 
Goudsmit,’? and are found to be p?(33P), p?(3/2 3P+3/2'D), and 
p?(3/2 3P+5/6'D+2/3'S), respectively. Then the strengths of the 
respective multiplets may be computed as follows: 


‘S—p*(@P)d «P) = 3 S(p*(sP)p \ 4) 


(40)=120° 


The number (40) is the strength in terms of ¢? computed by Krénig’s 
formula for the transition p?(¢P)p 4S—p?(sP)d 4P. The factor 3 is the 
(3P) parentage of 4S. 


7D—p?(3P)d 7FDP) = 3 - S(p?P)p 7D—p?(3P)d 2FDP) ) 
=}- (84, 1) + 0? (5) 


= (126, 3 


The Krénig strengths for the three multiplets 7D —?F, 7D—?D, 
and 7D—?P, for the terms based on (3P), are (84, 15, and 1)-?, 
respectively, in the array p*-p—p’d. For p', the 3P parentage of 
?D is 3/2, which appears as a factor multiplying the Krénig strengths. 
We proceed in an analogous manner for the remainder of the array: 


*P— *DP) =} S(p*(sP)p *P—p*(sP)d *DP) 
=$ (45, 15) (6) 
= (185, 4,5) 
S(p} *D—p*(‘D)d *FDP) = 3 7D —p?(?D)d ?FDP) | 
=} (56, 35; 9) (7) 
= (84, o? 


S(p3*P—p?(*D)d *DPS) = S(p*(‘D)p 7P—p?(?D)d 7DPS) 
= - (21, 27, 12) . (8) 
= (85, 45. 10) + 
= 3 (60) (9) 


9 Op. cit. 
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The results are summarized in Table Ia. The numbers in paren- 
theses are the strengths given by Krénig’s formulae for the multi- 
plets of the transition array p*-p—p’d. The parent terms are also 
given in parentheses. 


TABLE Ia 


MULTIPLET STRENGTHS /o? IN TRANSITION ARRAY p}—p7d, 
BY METHOD OF FRACTIONAL PARENTAGE 


p*d 

p GP) (7S) 

| | 2p | | 2D | | 2S | 2D 

135/2|45/2 35/2|45/2| 10 | 40 

TABLE Id 


MULTIPLET STRENGTHS /o? IN TRANSITION ARRAY p}—p7d, 
BY CONDON-UFFORD METHOD 


p’d 
4p 2°F #D 2*P 48 


In Table Id are given the results obtained by application of the 
Condon-Ufford method. Note that only the total strengths of all 
multiplets of a given kind are derived. 

We have already mentioned that the Krénig formulae may be 
applied directly to the array /?—/-/’, despite the fact that the elec- 
trons are equivalent in the initial configuration. The reason for the 


| 
| | 
| | 
| | 
| 
| 
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exception is immediately evident. In this case, there is no ambiguity 
as to the parentages of the terms of /’, since each term must be based 
entirely on /(?L) of the ion. 

The foregoing method appears to be a general one, and should be 
applicable to all transition arrays in which the jumping electron is 
equivalent to others in one of the two configurations. We have, how- 
ever, encountered serious difficulties in the calculation of the parent- 
ages of terms arising from shells of equivalent d-electrons. In the 
configuration d’, for example, two *D terms occur; and while we 
are able to calculate the parentages of all the other terms, the 
Bacher and Goudsmit method gives only the sum of the parentages 
of the two *D terms with respect to the terms of d’. This difficulty 
in itself is not too serious; but when we come to d‘, we find that, al- 
though we may calculate the parentages of 5D, *H, and "I, the only 
terms that are not based on d3(?D), in order to derive the parentages 
of the remaining terms it is necessary to know the separate parent- 
ages of the d3(??D) terms. Likewise, we cannot solve the configura- 
tion d>’ without knowledge of the parentages of all the d‘* terms, 
etc. It is hoped that this difficulty will be overcome in the near 
future and will thus enable the method outlined above to be applied 
more generally. Since the actual computation of multiplet strengths 
in a transition array in which the jumping electron is equivalent to 
others in one of the two configurations is a simple matter, once the 
parentages of the terms of the equivalent shell are known and the 
strengths of the multiplets in the corresponding array in which the 
transition electron is not equivalent are calculated, we have not 
thought it necessary to draw up complete tables of strengths for 
cases of astrophysical interest. The parentages are given in Table IT, 
which includes, also, the transition arrays of astrophysical im- 
portance to which the tabulated results may be applied. The Krénig 
strengths may be found from the complete set of tables published by 
one oi us."° 

Sum-rule relationships.—It is well known that the sum rule of 


10 L,. Goldberg, Ap. J., 82, 1, 1935. To reduce the relative strengths to absolute 
values in terms of o?, cf. Goldberg, Ap. J., in press. 
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8 DONALD H. MENZEL AND LEO GOLDBERG 
TABLE II 
PARENTAGES OF TERMS ARISING FROM SHELLS OF EQUIVALENT ELECTRONS 
Conf.| Term Parentage Transition Array 
p> | 4S | p'—p’s, p}—p?d 
7D | p*(3/2 3P+3/2 "D) 
2P | p(3/23P+5/6'D+2/3 'S) 
| 3P | p%(4/3 4S+5/3 7D+*P) p!—pid 
| 7D+7P) 
'S | p3(4?P) 
p> | *P | 3P+5/3 'D+1/3 'S) 
sp?| 3P | sp*(4/3 4P+2/3 *P) 
'D | sp?(2 2D) 
1S | sp?(2 2S) 
| sp?(3 4P) 
3S _| sp?(1/3 4P+8/3 *P) 
3D | sp*(4/3 4P+3/2?2D+1/6 
*D | sp*(3/2?7D+3/2 P) 
3P_ | sp*(4/3 4P+5/6 ?7D+1/6 2P+2/3 2S) 
| sp*(5/6 ?7D+3/2 ?7P+2/3 2S) 
sp}| 4S | sp3(5/4 5S+3/4 4S) 
2D | sp3(3/23D+1/2'D) 
2P | sp3(3/23P+1/2 'P) 
spt | 4P | sp3(5/45S+5/3 3D+3P+1/12 3S) 
| sp%(5/123D+1/4 3P+4/3 3S+5/4 'D+3/4 'P) 
2D | sp3(9/4 3D+3/4 3P+3/4 'D+1/4 'P) 
sp3(3 3P+'P) 
d’s | 4F | ds(23D) d?s—dsp 
4P | ds(23D) 
2G | ds(3/23D+1/2'D) 
2F | ds(1/23D+3/2'D) 
2D | ds(3/23D+1/2'D) 
2P_ | ds(1/23D+3/2'D) 
2S | ds(3/23D+1/2'D) 
ds? | 3F | d’s(4/3 4F+2/3 2F) d?s?—d?sp 
3P_| d’s(4/3 4P+2/3 ?P) 
1G | d?s(2 2G) 
| d’s(2 2D) 
1S | d’s(2 2S) 
ds 4F | d2(12/5 3F+3/5 3P) d3—d?p 
4P | d2(7/5 3F+8/5 3P) 
2H_ | d2(3/23F+3/2'G) 
2G | 'D) 
2F | d2(3/103F+6/5 3P+15/14 'G+3/7 'D) 
2D | d2(3/23F+3/23P+69/70 'G+17/14 'D+4/5 'S) 
2P | d2(4/5 3F+7/103P+ 3/2 'D) 


{ 
| 
| 
i 
2 
| 
| 
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TABLE II—Continued 


Conf.| Term Parentage Transition Array 


d3s | SF | d’s(12/5 4F+3/5 4P) d3s—d?sp 
| d’s(7/5 4F+8/s5 4P) 

3H_ | d’s(4/3 4F +3/2 

3G | d’s(4/3 4F-+11/14 ?G+1/6 7F+5/7 7D) 
23F 4P+15/14 ?G+13/6 2F+3/7 2D 
+2/3 2P 
23D | d’s(4/3 4F +4/3 4P+69/70 *F+17/14 2D 
+1/6 *P+4/s 
2sP_| d’s(13/15 4F+4/5 *P-+4/3 *F+3/2?7D+3/2 *P) 

"H | d’s(3/2 ?G+3/2 2F) 

| d’s(11/14 ?G+3/2 *F+5/7 

'F | d’s(15/14 ?G+3/102F+3/7 7D+6/5 *P) 
2'D | d’s(69/702?G+3/2 7F+17/14 7D+3/2 ?P+4/5 2S) 
| d’s(4/5 7D+7/107P) 


ds sD | d3(14/5 4F+6/5 4P) d4—d3p 
3H_ | d3(4/3 4F+26/15 7H+3/5 ?>G+1/3 *F) 
T | d3(14/5 7H+6/5 2G) 


dis | °D | d3s(14/5 5F+6/5 SP) dis—d3sp 
ds 6S | d4(5 sD) ds—d4p 
dé T | d5(35/11 21+7/5 7H+x?G, +y?G.), x+y = 78/55 d°—dsp 
2D | d§(21/5 3F+9/5 3P+9/5 'G+'D+1/5 'S) 
ds | 3D | d's(56/15 4F+8/5 *P+0/5 2?G+7/15 ?7D+1/5 ?P 

+1/5 7S) d%s—d*sp 


1D | d's(9/5 ?G+21/5 7P+1/5 2S) 


Ornstein, Burger, and Dorgelo," which forms the basis of the Krénig 
formulae for line strengths, is also valid for multiplet strengths, 
and may be stated as follows: 

In the transition array nl'n’l’—nl‘n’'l’’, in which the jumping 
electron is not equivalent to any other electron in either the initial 
or the final configuration, the sum of the absolute strengths of all 
the multiplets originating from, or ending in, a term of nl*-n'l’ is 
equal to 


+ 0? (10) 


if l’=1’’—1, and to 


+ o? (az) 


mL. S. Ornstein and H. C. Burger, Zs. f. Phys., 24, 41, 1924; H. C. Burger and 
H. B. Dorgelo, ibid., 23, 258, 1925. 
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if l’=1’’+1, where (2S+1)(2L+1) is the statistical weight of the 
term."? 

For such an array, we also have the relation that the sum of the 
strengths of all the multiplets in a supermultiplet is proportional to 
(2S-+1)(2L;+1).3 

Two similar rules are seen to apply to arrays in which the jumping 
electron is equivalent to others in only one of the two configurations. 
These rules may be stated in the following way: 

In the transition array nl‘ —nl'—'n'l’, the sum of the strengths of 
the multiplets originating from, or ending in, a term of n/* is equal to 


k(2S+1)(2L+1)(1)(2l—1) + o? (12) 
when /’ =/—1, and to 
+ o? (13) 


when /’=/+1, where & is the number of equivalent electrons in- 
volved. Also, the sum of the strengths of the multiplets originating 
from all the terms of nl‘-‘n’l’ that have a common parent term, 
characterized by quantum numbers S; and L;, is proportional to the 
weight of that parent term, (2S;+1) (2Z;+1). 


We wish to express our appreciation to Dr. R. F. Bacher, Dr. 
S. Goudsmit, and Dr. G. H. Shortley for their helpful comments and 
advice during the course of this investigation. 


HARVARD COLLEGE OBSERVATORY 
February 1, 1936 


2 Cf. Shortley, Phys. Rev., 47, 295, 419, 1935. 
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NOTE ON ABSOLUTE MULTIPLET STRENGTHS 
LEO GOLDBERG 


ABSTRACT 

A table of factors is given by means of which the relative multiplet strengths tabu- 
lated by the writer in an earlier paper may be converted to absolute strengths in terms of 
o?, the square of the one-electron matrix component. ¢ is a constant for any given tran- 
sition array. 

In an earlier paper’ relative multiplet strengths have been tabu- 
lated for a number of transition arrays of astrophysical interest. The 
absolute strengths of multiplets may be expressed in terms of the 
quantity o”, a function of the total and orbital quantum numbers of 


the transition electron: 


=6 
r+ R(n, 1)R(n’, l’)dr , (1) 


where R(n, /) and R(n’, ?’) are the normalized radial eigenfunctions 
of the jumping electron. ¢ is a constant for any given transition 
array. Shortley? has shown that in a transition array such as 
nl'n'l’ —nl*n’'l’’, in which the jumping electron is not equivalent to 
any other electron in either the initial or the final configuration, the 
sum of the absolute strengths of all the multiplets originating from, 
or ending in, a term of nl*n’l’ is equal to, if I’ =1’’—1, 


(25+ + (2) 


where (2S+1)(2L£+1) is the statistical weight of the term. t is of 
interest to note that if we sum (2) over all values of L and S for the 
configuration nl*n’l’ and make the substitution /” =/’+1, total 
strength of the transition array may be written simply as 


«L. Goldberg, Ap. J., 82, 1, 1935. 2 Phys. Rev., 47, 419, 1935. 
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where a, is the total weight of the parent configuration m/*. In addi- 
tion, in the transition array n/*—nl*‘n'l’, in which the transition 
electron is equivalent to others in one of the two configurations, the 
sum of the strengths of the multiplets originating from, or ending 
in, a term of nl is given by 


k(2S+1)(2L+1)l(2l—1) + o? (4) 
TABLE I 
VALUES OF 
Transition Array a Transition Array a Transition Array | a 
ps—p:'p. I s?p?—sp3........ 2 dés-s—disp....... I 
1/2 p’s—p3-p I 2 
p?—Pps... 2 p}+p—p3d 1/2 dss—disp....... 1/2 
p?—pd.. I pid—p3f........ 1/6 dss—dsp........ I 
pd—pf......... 1/3 I dsp—ds-d....... 1/14 
I p—p3d........ 2 1/20 
dp—d-d....... 1/2 | d’s-s—d’sp....... I 
d?—dp......... I d’sp—d?s-d...... 1/20 || dSs-s—d5sp....... 2 
d’s?—d’sp....... 2 dssp—d5s-d...... 
p’s—p**p....... d3s—d’sp....... 1/10 | dSsd—dSsf........ 20/21 
p?-p—p'd........ I d*p?—d’sp....... 1/60 | d5s?—dSsp....... 4 
pid—pt........ 1/3 d?p?—d3p 1/21 d°s—d5sp....... 1/5 
pi—p’s........ I d3s—d3p........ I d°s — dssf 2 
p3—p’d........ 5 d3ip—d3-d....... 1/20 | dsp?—dSsp....... 1/21 
ds-s—dsp........ 2 d4—d3p. 1/20 | dsp?—dp........ 20/21 
dsp—ds-d....... I 1/5 
ds?—dsp........ 4 ps—p‘s........ 2 
d’s—dsp........ 2 p’—p‘d........ 10 dis—d‘sp....... 1/10 
dp?—dsp........ 1/ d3s-s—disp....... 2 I 
dp?—d’p........ 2/3 d3s?—d3sp....... 4 
d’s—d’p........ 2 dés—disp.,..... 1/5 d’s—disp....... 2 
d?p—d?-d....... 1/10 d‘s—d).......- 2 d’—d*p........ 2 
d3—d’p........ 1/5 d‘p—d4-d 1/7 
ds—d4p........ I d°s—désp....... I 
when /’=/—1, and by 
+ (5) 


when /’=/+1, where k is the number of equivalent electrons in- 


volved. 


For many astrophysical calculations it is convenient to know the 
absolute strengths of multiplets in terms of o?. In the tables referred 


3 Ibid. 
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to above,’ the scale for each transition array was arranged in such 
a way as to express the relative multiplet strengths as nearly as 
possible in small whole numbers. In order to convert them to abso- 
lute strengths, the values in each array must be multiplied by a-o’, 
where a is a scale factor. Values of a have been computed by utiliz- 
ing the expressions (2), (4), and (5), and are given in Table I for all 
the transition arrays previously published. 


The table of scale factors was compiled at the suggestion of Dr. 
D. H. Menzel of the Harvard Observatory. 


HARVARD COLLEGE OBSERVATORY 
December 30, 1935 


SPECTRUM OF NOVA HERCULIS 1934, 
APRIL-NOVEMBER, 1935* 


WALTER S. ADAMS AND ALFRED H. JOY 


ABSTRACT 


This investigation of Nova Herculis covers the period following the abrupt change in 
the spectrum which took place at the beginning of April, 1935. During the month of 
April the forbidden lines of iron became prominent and were displaced about 30 km/sec 
to the violet as compared with the permitted lines. In May the nebular spectrum be- 
came fully developed, and later spectra show only minor changes in the intensity and 
structure of the various emission lines. 


The displacements, intensities, and identifications of the lines are tabulated. 

Any investigation of the spectrum of Nova Herculis 1934 natu- 
rally divides itself into two parts: the first dealing with the spectrum 
of absorption lines and broad emission bands of complicated struc- 
ture which preceded the rapid decline of the star’s light; and the 
second with the remarkable changes, first into a peculiar emission 
spectrum and then into a nebular spectrum, which accompanied the 
decline to minimum, and later the rapid increase in brightness begin- 
ning early in May, 1935. This communication deals with the Mount 
Wilson observations between the latter part of March and the early 
part of December. They were much interrupted during the critical 
period in April and early May, but should assist in narrowing the 
limits within which the changes took place. 

Most of the spectrograms taken previous to April were obtained 
with the three-prism violet spectrograph and cover the region 
AA 3700-5000. During the period when the star was of the tenth 
magnitude or fainter, either a short camera with the one-prism Cas- 
segrain spectrograph or the low-dispersion nebular spectrograph was 
used. Three spectrograms, one on June 8, one on October 8, and one 
on November 11, were made with red-sensitive plates and extend as 
far as \ 6600. The majority of the other spectrograms after the star 
rose in brightness were again made with the violet spectrograph. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 545. 
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The principal characteristics of the spectrum between March and 

May may be described briefly as follows: 
March 25 Continuous spectrum strong. Prominent absorption lines of hydrogen 
and calcium showing multiple components, and numerous fainter ab- 


sorption lines of ionized elements. Emission bands of hydrogen broad 
and diffuse. Faint emission lines of Fe 11 and [Fe mu]. 


April 4 Continuous spectrum weak. No certain absorption lines. Narrow 
emission components of hydrogen. Very strong emission lines of Fe 11 
and [Fe 

April 15 Spectrum similar to that of April 4, but Fei lines fainter and 
[Fe 11] lines stronger. 

May 20 Continuous spectrum very weak or absent. No Fe 11 or [Fe 11] lines. 
Nebular spectrum fully developed. 


The minimum brightness of the star occurred about April 27— 
May 3, when its magnitude, according to Kuiper,’ was 12.9. The 
spectral observations in March and April, accordingly, were made 
when the star’s light was decreasing, and those in May when it was 
increasing rapidly. It seems probable that the decrease in intensity 
of the continuous spectrum was largely accountable for the decrease 
in the star’s light in March and April, while the great concentration 
of light in the principal nebular lines AX 4363, 4959, and 5007 and in 
several lines of longer wave-length was responsible for the rapid 
brightening of the star during May. 

The investigations of many individuals during recent years on the 
spectra of novae, Nova Pictoris, O-type stars, planetary nebulae, and 
peculiar stellar spectra have resulted in the identification of a large 
proportion of such emission lines as appear in the various stages of 
the spectrum of Nova Herculis. A few lines, mainly in the yellow 
and red, are still of unknown, or at least uncertain, origin. 

The change from a spectrum showing many absorption lines, weak 
emission lines, and a strong continuous spectrum to one with no ab- 
sorption lines, strong emission lines, especially of Fe 11 and [Fe m1], 
and a weak continuous spectrum took place abruptly between March 
25 and April 4. Measurements of a spectrogram taken on March 25 


t Pub. A.S.P., 47, 165, 1935. 
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show six absorption components of the hydrogen lines, with the fol- 

lowing displacements expressed in terms of radial velocity: 
Component......... I 2 3 4 5 6 
Velocity, km/sec.... —851 —717. —589 —503 —301 

Of these components, 2, 4, 5, and 6 are the strongest. The other 
absorption lines on the spectrogram, which include H and K of 
Ca 11 and some of the strongest lines of Fe 11 and 77 01, give velocities 
agreeing with those of component 6 of the hydrogen lines. A maxi- 
mum in the emission bands of hydrogen and one or two emission 
lines of Fe 11 show displacements of — 308 km/sec. 

The next spectrogram, on April 4, showed no measurable absorp- 
tion lines but a large number of emission lines, chiefly of [Fe 1], 
Feu, Ti u, H, and Cam. These lines were fairly narrow and well 
defined. The broad emission bands of hydrogen seen previously were 
now reduced to narrow maxima in the position of the emission lines 
of other elements and to some fainter maxima of longer wave-length. 
A complete list of the lines measured on this spectrogram is given in 
Table I. The relative intensities are from visual estimates on an ar- 
bitrary scale, zero being a line which can just be seen. 

Two interesting features of the measures given in Table I are the 
difference of 40 km/sec between the velocities shown by the per- 
mitted and the forbidden lines, a result similar to that found by Mer- 
rill? at an earlier stage of the spectrum between the lines of Fe 11 and 
those of [O 1], and the agreement in the velocity of the forbidden lines 
with that of the principal component of the absorption lines on the 
spectrograms of March 25 and previous dates. Merrill has suggested 
that on the expanding-shell hypothesis these effects are due to the 
difference in the limits of the motion in the line of sight of the por- 
tions of the shell in which the permitted and the forbidden lines origi- 
nate. The forbidden lines, which are emission lines not affected by 
absorption, include the emission of the portion of the shell which is 
seen in projection against the central star and has the highest veloc- 
ity of approach, while the permitted lines are affected by absorption 
and their emission must occur outside of this portion of the shell. 
Hence the integrated bright lines of the permitted spectrum would 


2 Mt. Wilson Contr., No. 530; Ap. J., 82, 429, 1935. 
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show a lower negative radial velocity than the forbidden lines. It is 
also possible to conclude that differences in the velocities from the 
permitted and the forbidden lines might arise from differences in the 
distance from the central star of the portions of the ring or mass of 


TABLE I 
EMISSION LINES MEASURED ON SPECTROGRAM OF APRIL 4, 1935 
ment ment 
km/sec km/sec 
2 — 362 S 1] 2 —4II 
2000. Ti fo) 377 A244... 12 391 
Call 3 383 Feu 5 385 
Cat 3 3590 Feu 15 379 
H 6 357 4320.......| (Ren 2 391 
H 7 340 4350.......| 20 385 
Fe tt 5 353 Fett 2 373 
Fei 10 340 Feu 2 385 
4297.. Feu I 4640: 2 384 
AGOO Tiu 2 357 4728.......| [Fei I 386 
Feu 2 381 Wen 2 382 
Feu 3 4500. [rea I — 439 
Fett 3 340 Adie 
Rew 343 Additional Lines 
ro) Feu 4 331 Meas. \ Iden. Int. 
Fe 4 355 Ain Part of H¢ ° 
BESO Crit 3 325 Part of He 3 
Fei fe) 350 4100.79. Part of H6 4 
Fet 302 APIO. Part of Hé 3 
5 358 Blend Fe 11, [Fe 11] ite) 
Feu 7 358 Blend [Fem], [Fet]} 15 
Co Ta Feu 4 — 380 4483.8..... Blend [Fe 1], Fe 11 2 
Blend Fe 1, [Fe 1] 3 


gas by which the lines are emitted. Forbidden lines are favored by 
low density and may originate farther from the star than the per- 
mitted lines and in the outer parts of the expanding shell. 

The next spectrogram, taken on April 15, showed a spectrum simi- 
lar to that of April 4 but with the forbidden lines of ionized iron 
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about twice as strong, and the permitted lines about one-half as 
strong, as on April 4. This spectrogram was taken with low disper- 
sion because of the faintness of the star, but the measures give re- 
sults agreeing satisfactorily with those of the previous date. 


Displacement frum 14 permitted lines...... — 368 km/sec 
Displacement from 19 forbidden lines... .. . — 400 


The differences of displacement between the permitted and the 
forbidden lines for the two dates, 40 km/sec and 32 km/sec, are 
within the limits of error for such lines with the dispersion employed. 


TABLE II 
EMISSION LINES MEASURED ON SPECTROGRAM OF MAY 20, 1935 
Meas. A Elem. Int.| Dis. Meas. A Elem. Int.} Dis. 
A 
3832.2 9 2|—3.2/| 4262.0.. 8|—5.1 
3863 .6 [Ne m1] Io] 5.1\| 4333-7-- Hy 6.8 
3884.5.. H 8} 4.6]] 4358.7.. [O 111] 80} 4.5 
3963.6... He, [Ne m1] 4408.0.. Ou, OU 
3989.1 Niu 2} 4464.4.. Het 
4o21.8.. Het 2} 4.4|| 4510.7.. Niu, Nim 
4006.2... [S [S 10/—5.2|| 4504.7.. Nu 3] 6.8 
40904.1.. Hé, N BOW Nin, Ou, Cm} so}... 
4165 .... Ou, Heit 4856. 3. Hp gel 
6235.05. Nu, Nu 4951.3. [O 111] 
5000.9. {O 1} 80]—5.9 


Interruptions due to weather conditions and other causes pre- 
vented further observations until May 20. During the interval be- 
tween April 15 and May 20 the star decreased in brightness, reached 
a minimum, and rose to about magnitude 11. The spectrogram of 
May 20 was taken with the small nebular instrument giving a linear 
dispersion of 500 A per millimeter. The spectrum had changed com- 
pletely from that of April, and the characteristic nebular lines had 
become prominent. The complete list of lines measured on this spec- 
trogram is given in Table II. 
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The low dispersion of the spectrogram, the character of the emis- 
sion bands, and the presence of several blends introduce considerable 
errors into the measured displacements. The mean value of the ve- 
locity derived from the 18 lines for which the displacement is listed 
in Table II is —410 km/sec. This is in satisfactory agreement with 
the value from the forbidden lines measured on the spectrograms of 
April 4 and April 15. It seems clear, therefore, that the emission lines 
of this ‘‘nebular”’ stage of spectrum originate in the same mass of gas 
as the forbidden iron lines observed in April and the still earlier ab- 
sorption lines of March. The persistence of this velocity in what 
may, for convenience, be termed the “main” shell or body of gas is 
an interesting feature of this nova. 

The spectrum of Nova Herculis since its change into the nebular 
type has remained comparatively stable as regards its principal fea- 
tures. There have been many important changes in the intensities 
of certain lines and one very marked phenomenon apparently affect- 
ing the entire spectrum. This is the progressive change in the direc- 
tion of longer wave-lengths of the centers of all the emission bands. 
Apparently it is due both to a gradual shift of the violet component 
of the emission bands (which in June had the — 400 km/sec displace- 
ment) toward the red and to the increasing intensity of the red por- 
tion of the emission bands. The combination of these two effects is 
to shift the centers of the emission bands when measured as a whole 
to more nearly their normal positions. In the case of several of the 
bands the space or depression between the two principal compo- 
nents, which resembles a hazy absorption line, can be measured, and 
shows a moderate shift toward the violet during the period June— 
September. This is no doubt due to the increasing intensity of the 
red emission component which would encroach upon the red side of 
the space between the two components. 

Table III gives a complete list of the lines measured on spectro- 
grams of June 8-9 and October 8. All the measures are upon emis- 
sion bands or structural features within them, except in the case of 
the absorption-like spaces or depressions in some of the bright bands. 


a 
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TABLE III 
EMISSION BANDS MEASURED ON JUNE 8-9 AND OCTOBER 8 
JUNE 8-9 OcTOBER 8 IDENTIFICATION 
Meas. A Int. Meas. A Int. Elem. ny 
3965.8 JH 3970.1 
Depression......} 3971.6 3968.1 \[Ne m1] 3067.5 
Extension.......] 3973.4 
Center.........} 4021.8 Het 4020.2 
[4068 .6 
Genter... 4068.0 10 4070.0 6 | [Su] poor 
Hé 4101.8 
Center.........| 4096.6 25 4099. I 20 4007-4103 
Max 4182 C im 4187.0 
4192 2 OI 4185-89 
Max 4194 3 4108 Het 4199.9 
Center 4237.1 2 4238.4 I Nu 4237-42 
4261.8 4263 
4205.0 {4206.3 
Depression......| 4269.0 6 Cn 4267.1 
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TABLE IlI—Continued 


JUNE 8-9 OcTOBER 8 IDENTIFICATION 

Meas. A Int. Meas. A Int. Elem. r 
Centers 4312.8 2 4314.4 I Ou 4317-19 
Center......... 4337-4 2s 4339.3 25 Hy 4340.5 
Extension.......| 4344 4345 J OP? 4347-51 
Extension....... 4375.0 5) 4362.0 5° | WV m1? 4379.1 
4410.5 5 4412.4 4 4415-17 
Center.........| 4429.0 2 4430.4 ° Nu 4432.7 
Genter... 2.0.30. 4446.4 3 4447.1 2 4452.4 
4466.4 4407.9 
a 4408.8 6 4470.7 5 Het 4471.5 
Depression. ..... 4473.4 4472.4 
Center. 4509.6 6 4513.4 6 Ni 4511-15 
4537-3 3 4538.8 2 4541.6 
CONTE... 4601.4 2 4604.4 8 Ni 4601-7 
Extension.......| 4655.3 6 4656.7 7 | CAB 
4080.8 12 4084.8 15 Hew 4085.8 
Center.........| ° Nu 4803.3 
4860.4 
Depression......| 4862.7 3° 4862.2 3° HB 4861.3 
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TABLE Il]—Continued 
JuNE 8-9 OctToBER 8 IDENTIFICATION 
Meas. A Int. Meas. » Int. Elem. ny 

4954.5 30 4057.5 so | (Om) 4958.9 
rr 5002.4 50 5005.9 80 | [Om] 5006.8 
5036.4 4 6037-7 Sil 5041.1 
ORONO 3 5051.9 3 5056.2 
5142.2 2 5144.2 2 Ci 5145.2 
5271.4 4 5175.2 4 Nu 5175-79 
CO ee 5265.4 2 5270.4 2 O 111? 5268.1 
5405.8 4 5409.0 3 Hew 5411.6 

5528.6 3 6623.5 2 Nu 5535-4 
5569.3 5572.1 2 | [O1] 
5585.7 3 5585.9 2 O 5592.4 

re 5676.0 10 5678.7 10 Nu 5666-86 
Max 5747 30 5748 40 

5753 [N 1] 5754-58 


ad 
| 

b 
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MICROPHOTOMETRIC TRACINGS OF THE SPECTRUM OF NOVA HERCULIS 1934 


a) June 9, 1935 
b) October 8, 1935 
c) December 5, 1935 


The lines AA 5290, 5577, 5720, 5755, and 6087 are especially noteworthy 
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TABLE IlI—Continued 
JUNE 8-9 OcTOBER 8 IDENTIFICATION 

Meas. » Int. Meas. A Int. Elem ny 
5869 12 5872 12 Het 5875.6 
5930 4 5936 3 Nu 5941.7 
Max. 6146 3) 
Center. 6155 O1 6156-58 
Max 6163 2| 
ree 6295 20 62098 25 | [O1} 6300.2 
Max. 6353 8 6357 10| 
Max. 6368 4 6370 5 | 
6455 6459 3 N 1 6454-67 
6474 3 6477 3 Nu 6482.1 
6559 40 6560 50 Ha 6562.8 

comp.) 


An analysis of the measures listed in Table III, together with those 
from spectrograms obtained on September 1o and November 11, 
gives the following results, expressed in terms of velocity: 


Center Depression 

km/sec km/sec km/sec km/sec 
— 235 — 55 + 50 +215 


| 
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The principal change in the displacement both of the violet com- 
ponent or maximum and of the centers of the bands evidently oc- 
curred between June and September. By November the centers of 
the bands had reached a position displaced only 55 km/sec from the 
normal, a value which would be reduced to about 35 km/sec if cor- 
rected for the solar motion. The emission bands still showed con- 


TABLE IV 
PRINCIPAL CHANGES OF INTENSITY IN THE INTERVAL JUNE-DECEMBER 
d Elem. Remarks 
\ [Ne 11] Increased greatly 
4363 
[O 111] Increased greatly 
5007 
4511-15 Nit Increased 
4645+ O11, Nu, N 111 | Increased to Sept. 
He il Increased to Sept. 
later 
He Decreased Oct. to Nov. 
[O 1] Decreased greatly to Dec. 
O lll Decreased to Oct. 
Nil Increased to Oct. Rapid decrease later 
[NV Increased greatly to Oct. 
Decreased slightly to Oct. Rapid decrease 
later 
later 


siderable structure and the violet component still predominated in 
November, but the increased emission in the red portion of the band 
indicated that the gaseous envelope about the star was radiating 
much more like a continuous shell than during previous months. 
The most striking changes of intensity among the spectral lines 
during the period covered by these observations, June~-November, 
are indicated in Table IV. The spectrogram taken in September ex- 
tends toward the red only as far as \ 5300, and hence the October 
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spectrogram has to be used for lines of longer wave-length. In gen- 
eral, few lines show marked changes between October and Novem- 
ber, and these are especially noted. Otherwise, no important changes 
take place. 

Spectrograms of Nova Herculis in January and February showed 
little change in the general features of the spectrum. The emission 
bands in January were displaced by amounts corresponding to a 
radial velocity of —50 km/sec, and in February of —45 km/sec. 
These values are in good agreement with those found in November 
and indicate that the motion of expansion of the gases about the 
star had become nearly stabilized. There is a slight, but probably 
genuine, tendency for the forbidden lines to show a larger negative 
displacement than the lines of hydrogen and helium. 

On a photograph in the red region taken by Merrill on February 7 
with the grating spectrograph the [O 1] lines \ 6300 and \ 6364 con- 
tinued to show strong components displaced about 8 and 6 ang- 
stroms to the violet and the red, respectively. Similar structure was 
shown by the [N um] pair at \ 6548 and \ 6584 and by the strong 
[NV u] line at \ 5755. This structure was much less marked in the 
hydrogen lines and Nir and N2 of [O 1]. The unidentified line at 
d 6087 was prominent but showed very little structure. Its wave- 
length as measured on this spectrogram is 6087.4 A. 
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ANALYSIS OF THE SPECTRUM OF 
SINGLY IONIZED SAMARIUM* 


WALTER ALBERTSON’ 


ABSTRACT 

Over 1200 lines of Sa 1 are shown to result from transitions between 41 low, even 
levels and more than 200 middle and high, odd levels. Tables of classified lines and 
of the energies, excitation potentials, and experimental g-values of the terms are pre- 
sented. The normal electron configuration is 4f°(7F)6s, which gives the low multiplets 
a®F and a°F. Transitions to these levels account for nearly every intense line from the 
blue-green to the ultra-violet. The configuration 4f°(7F)5d gives the pentad *HGFDP, 
transitions to which account for all the intense lines from the infra-red to the blue-green. 
Thus transitions to terms built on the parent-term 4f°(7F) account for nearly the whole 
of the intensity of radiation of Sam. L, S, and J assignments to these levels are checked 
by experimental g-values from Zeeman patterns of over 300 lines. The low levels show 
good intervals, and experimental g-values are identical with Russell-Saunders coupling 
values; but since high levels give evidence of wide departure from Russell-Saunders 
coupling, Z- and S-values cannot be assigned to them. The levels of 4f°(7F)5d*H show 
the largest hyperfine-structure splitting. The close relation between Sam and Eu 1 
structures is noted. The I.P. of Sam is estimated to be near 11.4 volts. The types of 


rare-earth spectra and normal electron configurations are discussed. 
Eighty-eight lines of Sa 1, belonging to seven different multiplets, have been identi- 


fied in the spectrum of the sun. 
Calculations by Amelia Frank show that Merrill’s vector-model theory holds quite 


well for the levels of 4f°(7F)6s. 


GENERAL DESCRIPTION OF RARE-EARTH SPECTRA 
AND SPECTRAL STRUCTURE 

In any general description of the properties of the elements of the 
periodic table, it is customary to treat numbers 58-71, inclusive, as 
a single group. This group, the so-called rare earths, is of unusual 
spectroscopic interest. With the exception of lutecium, all rare-earth 
spectra appear at first sight to be remarkably similar and, for casual 
observations, show but slight differences between arc and spark 
sources. They are extremely complex and, with the possible excep- 
tions of thorium and uranivm, are more complex than the spectra 
of any of the other elements. The number of lines recorded on the 
photographic plate depends only on the amount of exposure given; 
indeed, the completeness of the record of wave-length data rests 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 546. 
t National Research Fellow_in Physics. 
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solely on the patience of the observer. Theoretical considerations 
show that for a given spectrum only a very small part of the lines 
that can reasonably be expected has ever been recorded. A single, 
well-developed spectrum should include in excess of 20,000 lines. 

This extreme complexity, as well as the inadequate differentiation 
between arc and spark spectra, has delayed the analysis of rare-earth 
spectra many years. The problem of separating the neutral and 
singly ionized spectra, as well as that of selecting groups of lines 
within a single spectrum which show common characteristics, has 
been successfully solved by King.? This beautiful but laborious ex- 
perimental work has contributed more to the successful unraveling 
of rare-earth spectra than any other single item. King compared 
spectra from the arc and spark, as well as from the furnace, run at 
several different temperatures. Besides separating neutral and ion- 
ized spectral lines and grouping them according to their sesponse to 
different temperatures in the furnace, King found that the spectrum 
of the neutral atom is often very poorly developed in an arc source. 
Many neutral lines that are comparatively well developed in the 
furnace appear so faint in the arc that they have not been recorded, 
while many more are masked in the arc by the more intense ionized 
lines. King examined the furnace spectrum at three different tem- 
peratures, usually near 2600°, 2300°, and 2000° C. He defines class I 
and class II lines as those which appear at the low temperature, the 
former undergoing the least change at the higher temperatures. 
Class III lines appear at medium temperatures, and class IV at high 
temperature. Class V lines are either absent in the furnace or appear 
feintly at high temperatures. 

Although the observational material is not complete in all cases, 
King’s work shows that rare-earth arc and spark spectra can be 
classed roughly in four divisions, depending on their character: 

1. The spectrum of lutecium is comparatively simple. It is not a 
true rare-earth spectrum. 

2. The spectra of europium, dysprosium, thulium, and ytter- 
bium are composed of a comparatively simple spectrum superim- 
posed upon a complex spectrum. The lines of the simple spectrum 

2 Mt. W. Contr., Nos. 368, 414, 439, 470, 523; Ap. J., 68, 194, 1928; 72, 221, 1930; 
74, 328, 1931; 78, 9, 1933; 82, 140, 1935. 
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are always of a temperature class signifying low atomic level (which 
for singly ionized lines may be a medium class) and include the raies 
ultimes and other intense lines, many of which are easily reversed. 
The lines of the complex spectrum are of a higher temperature class 
and are quite faint. 

3. The spectra of samarium, gadolinium, and possibly holmium 
show less distinction between the groups than do the spectra in divi- 
sion (2). In general, the “simple” spectrum is much more complex 
than in (2), and the complex spectrum contains numerous intense 
lines. 

4. The spectra of cerium, praesodymium, neodymium, and terbi- 
um do not show the characteristics of the two superimposed spectra 
to such a degree that they can be recognized. The spectrum of ceri- 
um, in particular, is lacking in character. 

It appears that the best method of attacking the analysis of rare- 
earth spectra would be to start in with division (1) and work through 
to the spectra of division (4). Chronologically, that is just what has 
been and is being done. The first analyses were those of Lw 1, 
Lu 1, and Lu 11 by Meggers and Scribner,’ which were followed by 
those of the simple subspectra of Yb1 and Yb ur, by Meggers and 
Russell.4 The simple subspectrum of Eu1 has been analyzed by 
Russell and King; of Eu 1,° Gd 1,7 Sai,’ and Sa by the writer. 
The writer believes that the analyses of Ce 1, by Karlson,’ and Ce 11, 
by Haspas,” are fortuitous. A statistical study of the cerium data 
used shows that some tens of thousands of different term arrays, each 
as extensive as those published for cerium, might be expected to oc- 
cur by chance. Moreover, the results of the published cerium anal- 
yses yield, in the writer’s opinion, some rather unexpected and im- 
probable results as regards relative electron-binding energies, tem- 
perature classification, term positions, and combination intensities. 

The work already done has yielded much information regarding 


3 Bur. Stand. J. Research, 5, 73, 1930. 

4 Unpublished material. Also C. E. Moore, Term Designations for Excitation Poten- 
tials, Princeton Observatory and Mount Wilson Observatory of the Carnegie Institu- 
tion of Washington, 1934. 

5 Phys. Rev., 46, 1023, 1934. 7 Ibid., 47, 370, 1934. %Zs.f. Physik, 85, 482, 1933. 

6 Ibid., 45, 499, 1934. 8 Present paper. 10 [bid., 96, 410, 1935. 
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the spectral structure of the rare earths. For each of the spectra 
analyzed, it has been found that the low-level group is compara- 
tively simple in structure and well isolated from other levels of the 
same parity. This simplicity is due to the fact that, in general, 
the normal configurations are of the type 4f"-6s? rather than 
4{"-'- 5d-6s*. The replacing of the 5d-electron by a 4f-electron may 
greatly simplify the structure of the low levels. For example, the 
configuration 4f"-5d-6s? yields 120 levels; whereas its counterpart, 
4{'3- 6s’, yields only 2 levels—a 60-to-1 ratio! The ratio is about the 
same when one of the 6s-electrons is replaced by a 6p-electron. 
Hence, for the transition 6s— 6p, the ratio of the number of spectral 
lines for the two cases is about 1000 to 1! 

It is now clear, with the exception of cases where the parent-term 
is 4f7(S°), that (1) the complex subspectra mentioned above are 
due to transitions between configurations involving the 5d-electron; 
(2) the simple subspectra are due to transitions between configura- 
tions which do not involve the 5d-electrons and which have well- 
isolated parent-terms. 

The normal electron configurations of the various rare earths are 
now either known or may be estimated from the foregoing considera- 
tions and are as follows (6s? is omitted from all configurations) : 


Atomic number......... 58 50 60 61 62 63 64 
Ce Nd Il Sa Eu Gd 
Configuration........... 4fsd 4f5d gf 4f 4f7 
Atomic number......... 65 66 67 68 69 70 71 
Tb Ds Ho Er Tm Yb Lu 
Configuration........... 4f8sd 4f2 5d 


The most intense lines of the spectrum result from the transition 
6s6p to 6s, built on parent-terms from the foregoing configurations. 
When the parent-terms are well isolated, as 7F from 4f*, *S° from 
4f7, ?F° from 4f'3, and 'S from the resulting subspectra are com- 
paratively simple and intense. Transitions involving a change of a 
5d-electron to a 4f-electron or a 6p- to a 5d-electron give the next 
most intense class of spectra. Finally, those transitions which in- 
volve the 5d-electron in both the upper and the lower configuration 
yield the faintest lines and the most complex structure. 
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EXPERIMENTAL DATA FOR Sa II 


An extensive temperature classification of the spectrum of samari- 
um has recently been published by King."' The writer is greatly in- 
debted to Dr. King for the use of these data prior to publication. 
The list contains nearly 1800 lines of Sa 11, including the strongest 
class III, [V, and V enhanced lines found between \ 8700 and X\ 2900. 
The most intense portion of the Sar spectrum is found in the 
blue, and gradually falls off in intensity to the ultra-violet. The 
spectrum is also quite intense in the deep red, falling off to shorter 
wave-lengths until a minimum is reached in the green. All lines from 
the infra-red to the blue-green are of class V. Intense class III and 
IV lines suddenly appear in the blue-green and extend into the 
ultra-violet. 

Additional wave-length data have been obtained by King and the 
writer in the region AX 4938-6597. A single plate was used to photo- 
graph the arc and spark spectra in the first order of the 15-foot con- 
cave-grating spectrograph; scale, 1 mm=3.72 A. Over 350 new Sa Il 
lines were identified and measured on the plate. These new data, 
as well as data by Kiess,” were used to check computed wave-lengths 
for the region AX 4938-9264. 

Measurements of the m-components of the Zeeman patterns of 
nearly 300 lines in the regions AA 3560-4750 and AA 6180-6900 
have been made by King and the writer." The plates were taken 
with the above-mentioned spectrograph, the short-wave region being 
photographed in the second order, the long-wave region in the first 
order. A condensed spark between cored graphite electrodes filled 
with SaCl, solution was used for the source. This was placed between 
the poles of the large Weiss electromagnet, excited to 31,100 gauss, 
and the -components were photographed in the light taken along 
the lines of force. 


METHOD OF ANALYSIS 


In attempting a start on the analysis of a complex spectrum that 
contains no obvious regularities, it is customary first to search for 
regularities among related lines of the spectrum. The usual proce- 


1 Mt. W. Contr., No. 523; Ap. J., 82, 140, 1935. 
2 Sci. Papers Bur. Stand., 18, 201 (No. 442), 1922. 3 Phys. Rev., 49, 209, 1936. 
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dure is to subtract systematically the wave-numbers of each of the 
lines from that of all the other lines for wave-number differences 
(intervals) up to some reasonable maximum value. The intervals 
are then tabulated. 

A real interval represents the difference in energy of two terms, 
both of which combine with a third term to give the two spectral 
lines from whose wave-number difference the interval in question 
was obtained. If both the terms combine, each with several other 
terms, the interval in question will be found several times among the 
resulting lines. Moreover, if the two terms are related, as two levels 
of the same multiplet, or otherwise have similar origins and quantum 
numbers, the pairs of lines resulting from combinations of these 
terms with other terms will, in general, show the same charac- 
teristics. 

Those intervals which recur most frequently among a group of 
related lines are the most likely to be real, and are accordingly 
tested first. A much larger selected wave-number list is combed for 
the interval in question, and all wave-number pairs which give this 
interval are recorded side by side, making two columns. The heads 
of the columns represent the two terms whose energy difference gives 
the intervals, as illustrated by the following tabulation: 


Energies Term Interval Term 

of Terms 0.00 326.64 326.64 
31, 507-00: 21,507.90 0.64 21,181.26 
AOR AD 25,361.49 25,034.84 


The whole scheme makes up a two-dimensional term array, where 
the elements of the array are the wave-numbers of the lines. This 
small array serves as the nucleus, and by successive additions of 
terms the complete array is built up. This is done by finding other 
pairs of lines in the wave-number list which have the same interval 
as that occurring between two of the rows. Intervals that are real 
will make new columns, containing numerous combinations with the 
previously established rows, thus forming, instead of pairs, triple 
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sets, quadruple sets, etc. The procedure is continued until the array 
is large enough to be interpreted on the basis of the quantum theory. 

It will be found that numerous terms are similar in that each fails 
to combine with the same set of terms of opposite parity. These 
terms have the same J-value. By examining the different J-groups, 
as regards change in combinations from one group to the next, it is 
usually quite easy to assign relative J-values to all the groups. This 
procedure is illustrated below (a cross [ X]| indicates a combination): 


The J-groups are lettered ABCD, and the combining terms from 1 
to 10. It is obvious that terms 1 and 5 and group A have the same 
J-value; similarly terms 3, 7, and 1o and group C have the same 
J-value, etc.; also that the J-value changes by one unit in going from 
1 to 2, and by one unit in the same direction from 2 to 3, etc. In this 
way relative J-values can be assigned to the terms. The terms can 
sometimes then be interpreted as regards L- and S-values and elec- 
tron configuration assignments by a study of the intervals, position, 
and number of each having a certain value of J, of the combination 
intensities, and of the theoretical knowledge of term types expected 
from spectral theory. If other relevant data, such as Zeeman effects, 
are at hand, the assignment of quantum numbers to the terms can 
be made with much greater certainty. 

It may be well to point out pitfalls that must be avoided in build- 
ing up the term array. One must not at first include those terms 
which do not show many more combinations than are to be expected 
by chance. If the spectrum is rich, an enormous number of such for- 
tuitous terms are always found for each interval used. If one cannot 
find any levels that show several more than the probable number of 
accidental combinations with the nucleus, then the nucleus itself is 
most likely fortuitous. When such fortuitous arrays are completed, 
one is left with an unusual arrangement of levels which is naturally 
difficult to interpret. A calculation of the probability of finding such 
an array by chance usually shows that some hundreds of thousands 


SPECTRUM OF SINGLY IONIZED SAMARIUM 33 


of arrays, just as complete, could be made up from the same data. 
On the other hand, the probability that the term scheme here pre- 
sented for Sa is entirely due to chance is calculated to be 107°; 
that is, one equivalent array is to be expected by chance in 10” sets 
of similar data. In addition, the Sa 11 array is easily interpreted by 
spectral theory and the term combinations are checked by Zeeman 
effects. 

To obtain a start on the analysis of Sa 11, a group of the 72 most 
intense class IIT furnace lines was chosen as the most likely to show 
regularities. The wave-number of each line was subtracted from that 
of the others for differences up to 1000 cm~'. On tabulating the re- 
sulting intervals, it was found that none were repeated within +0.10 
cm~' more than three times. Although no interval occurred a suffi- 
cient number of times to be obviously significant, it was felt that 
one or more of the repeated intervals must be significant. Accord- 
ingly, each one of the repeated intervals was searched for among 
the 700 class III and IV lines. The most probable number of times 
that any interval chosen at random would be expected to occur by 
chance among the 700 lines is twelve. The first several intervals 
were repeated from nine to seventeen times. Finally one was found 
which occurred thirty-three times. The probability of any interval 
occurring this number of times by chance is very small; hence this 
interval was regarded as significant and was used for the nucleus of 
a term array. 

The term array built up quite rapidly until it included 13 columns 
and over 200 rows and nearly all the class III and IV lines. So few 
of these lines remained that if another column were yet to be added 
it must obviously be of a different type from those already found, 
since it would yield comparatively few intense combinations. A 
search for a new column to explain the few remaining class III and 
IV lines was fruitless; these lines must be the result of combinations 
between the 13 columns and rows which were too few in number to 
be recognized. Figure 1 represents the completeness of the analysis 
of a portion of the spectrum at this stage. The upper spectrum is 
that of the lines included in the term array; the lower, that of the 
lines which could not be fitted into the array. Since the lines of the 
lower spectrum are, in general, quite faint, a greater percentage of 
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the energy of the spectrum is contained in the term array than is rep- 
resented by the mere ratio of the numbers of lines in the two spectra. 
The J-groups were clearly recognized without ambiguity, and rel- 


Fic. 1.—Maps of classified lines (top) and unclassified lines (bottom) between 
4270-4100 in Sa It. 


ative J-values were assigned to all the terms. The 13 low levels ob- 
viously formed two multiplets, one of seven levels, the other of six, 
with relative energies as follows: 


J cm Interval Interval 
326.64 484.94 
511.58 685.46 
838.22 2688 . 69 
650.94 810.43 
748.81 886.91 
2237.97 4386 .03 
814.68 931.53 
856.97 
3909.62 


From the manner in which the intervals changed, it seemed certain 
that the multiplets must be regular. Also, the lowest level of each 
multiplet had the same J-value, which for each successive level in- 
creased by one unit. 

A unique assignment of Z- and S-values to these two multiplets 
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and of absolute J-values to all the terms of the array can be made: 
By virtue of its atomic number, singly ionized samarium contains 
seven electrons outside the closed xenon shell. Seven electrons yield 
only even multiplicities, with octets as the maximum. Since the low 
multiplet has more than six levels, it must be an octet. The only 
type of octet that has but seven levels is an *F. This gives a unique 
assignment of J-values to the two multiplets, as well as to most of 
the other terms. The J-values for the sextet show that it must be °F. 

We can now consider what term types are theoretically expected 
to be low in Sat. The normal electron configuration of neutral 
samarium is 4f°(7F)6s’-7F. This multiplet is the only septet permissi- 
ble from the configuration and is well isolated below other levels from 
the same configuration. On ionizing the neutral samarium atom it is 
most likely that one of the 6s-electrons will be removed, since this is 
what happens when europium, the next element, is ionized. The re- 
sulting configuration, 4f°(7F)6s, will yield two multiplets, °F and °F. 
According to Hund’s theory, the octet should be lowest. An analo- 
gous situation occurs in Eu 11, where two multiplets, °S° and 7S’, 
result from adding a 6s-electron to a single parent-term. The energy 
separation of °S° and ‘S° is due entirely to the 6s-electron and 
amounts to 1669 cm~'. Hence, the theoretically expected low multi- 
plets, *F and °F, of Sa 11 should have roughly this same separation. 
The experimental findings are in good agreement with this conclu- 
sion. An °F multiplet is found to be low in Sa 1 with a °F multiplet 
1520.3 cm“ above (distance taken between “center of gravities” of 
the multiplets). It remains to be seen if any other possible electron 
configurations will yield the same result. There are two others which 
could possibly be expected to be low, but neither is very probable. 
They are 4f? and 4f°5d, of which the former yields a single, low, iso- 
lated level, *S°; the latter, the pentad *HGFDP, of which *H should 
be low. This makes it quite clear that the normal electron configura- 
tion of singly ionized samarium must be 4f%6s, not only because it 
is the one theoretically expected, but also because it is the only one 
which fits the experimental findings. 

In Eu 11 the terms °D° from 4f7(*S°)5d are about 10,000 cm™ above 
the ground state and give intense combinations in the red and infra- 
red, the lines being of class V. The intense red lines of Sa 1 are 
found to be due to transitions to terms from the analogous configura- 


‘ 


36 WALTER ALBERTSON 


tion 4f°(7F)5d, which yields the pentads *HGFDP and 
The octets were found between 7100 and 14,500 cm™ above the 
ground state. The individual multiplets were easily recognized be- 
cause of their J-values, intervals, combinations, and grouping. 

When the term array for *F and °F had been completed and in- 
terpreted, it was found that all the lines of appreciable intensity 
from the green to the violet, with the exception of seven intense lines 
in the blue-green, had been classified. These lines eventually proved 
to be seven of the main diagonal lines of an *HG° multiplet. The 
8G° had previously been identified among the high odd levels by its 
combinations with *F. The set of levels belonging to *G° are of im- 
portance and are to be referred to again later on. The origin of SH 
was surmised by analogy with Ew 11, and, accordingly, the remainder 
of the pentad was searched for and found. 

At this point no intense lines remained unclassified from the violet 
to the infra-red. Also, most of those of medium intensity were classi- 
fied, the bulk of the unclassified lines being faint. From this it is 
obvious that very few important levels remain to be found. 

All the terms found for Sau are represented in Figure 2, which 
¢'ves the relative positions of the terms on an energy scale. The cen- 
ters of gravity of the analogous systems in Sa 11 and Ex 11 are repre- 
sented on the right-hand side of the figure. It is seen that the rela- 
tive energies of 6s and 5d and the splitting due to 6s is nearly the 
same in both spectra. The upper levels show the greatest density of 
levels per cm~ for any term system yet discovered. 

The sextet pentad, °HGFDP, was not found. It is believed that it 
is so high above the octet pentad that its combinations will be in the 
infra-red, beyond the region observed. The analogous levels, 7D’, 
of Eu 11, have not been found. In Gd 1, the separation of the two 
multiplicities from 4f7(°S°)- 5d is approximately 6000 cm~'; hence 
the octet and sextet pentads in Sa 11 should have about this separa- 
tion. 

It is now clear that transitions between middle and high, odd 
levels with 4{°(7F)5d-"HGFDP account for all the intense, and many 
of the fainter, lines from the infra-red to the blue-green, whereas 
combinations between the same odd levels and 4f*°(7F)6s-*°F ac- 
count for nearly all the intense, and many of the fainter, lines from 
the blue-green into the ultra-violet. Thus, out of 73 theoretically pos- 
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Fic. 2.—Terms of Sa 1 plotted on an energy scale. On the lower right, the ‘‘centers 
of gravity” of a’F, a°F, and SHGFDP are compared with those of a9S°, a7S°, and a9D° 
of Eu. Odd levels have terms of the same J-value in the same column. 
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sible parent multiplets, practically all the intensity of radiation of Sa 1 
results from transitions to terms arising from the single parent mul- 
tiplet 7F. 

With the use of the interval rule and the intensities, an attempt 
was next made to assign values of Z and S to the odd levels, and thus 
to pick out multiplets. The triads DFG? and °DFG? from the elec- 
tron configuration 4f°(7F)6p were expected to be most prominent. 
Only moderate success was attained; the intervals of the ‘‘multi- 
plets” were extremely irregular, and the intensities were quite anom- 
alous. The assignments nearly always led to ambiguous results, as 
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illustrated by the example in Figure 3. Here one of the “multi- 
plets” which had been assigned the quantum numbers correspond- 
ing to an *F°; because of the intensities of its combinations with *F, 
combines with °F as if it were a °G and with °H as if it were an *G! 
This shows the futility of assigning L- and S-values to the odd terms. 
For these terms the interactions are so great that the criteria for 
Russell-Saunders coupling is absent. All one can do is to assign 
J-values and number the levels in order of increasing energy. 
From che number of levels, it appears probable that the terms 
arise from more than one electron configuration. In addition to 4f*6p, 
the configuration 4f55d6s may be expected to give terms with energy 
values near to those found experimentally. Both of the electron 
transitions 4f°6s — 4f°6p and 4f°6s — 4f55d6s should give intense lines, 
whereas the transition 4f°5d—4f*6p should give intense lines and 
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4f{°sd — 4f55d6s faint lines, since the latter transition corresponds to a 
change of three units in /-value for one of the electrons. The odd 
levels that have been picked out as most probably belonging to 
4f6(7F)6p-**DFG° in general give intense combinations with 
SHGFDP; whereas the remaining levels, most of which must belong 
to 4f55d6s, give only relatively few and faint combinations with the 
pentad. 

The energies, excitation potentials, and experimental g-values for 
those terms of Sa 1 which are definitely established are presented in 
Table I. All the even terms are assigned values of Z, S, and /. Their 
assignments, as determined from g-values, relative J-values, inter- 
vals, intensities, and positions, are unique and are accepted with 
confidence. The term of the lowest multiplet of a given type is 
lettered “‘a,”’ the next lowest, “‘b,”’ etc. Thus the *F of the pentad 
SHGFDP is called b*F, since the normal state is a*F. No assignment 
of L- and S-values is given for the odd levels, since intensities and 
g-values show that such an assignment is, in general, ambiguous, 
the only exception being for the levels 60°, 69°, 82°, 89°, 106°, 121°, 
131°, 132°, which, according to g-values and intensities, are members 
of an 8G°. Combinations with this *G° gave the clue which led to the 
discovery of the SHGFDP levels. The odd levels are simply num- 
bered 1° for the lowest, on up to 172° for the highest. Over 200 odd 
levels have been found, but only the 171 which are most definitely 
established are included in Table I. Terms 119° and 120° are omit- 
ted from the table; 128° follows 136°; 132° follows 141°; 173° fol- 
lows 131°. 

The multiplets in Table I belong to the following electron con- 
figurations: 

4f(F)6s  a’F, 
4f6(7F)5d_ b’F, a*D, 
4f("F)6p (1°, 2°, 9°, 14°, 21°, 38°, 57°) 75°) 
(5°, 8°, 12°, 15°, 25°, 44) ? 
(13°, 17°, 27°, 43°, 56°) ? 
(23°, 32°, 42°, 58°, 83°) ? 
(37°, 47°, 98°, 115°) ? 
(18°, 24°, 36°, 40°, 64°, 84°) ? 


? (60°, 69°, 82°, 89°, 106°, 121°, 131°, 132°) %G 
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TABLE I 
ENERGY-LEVELS OF SINGLY IONIZED SAMARIUM 
Type Level EP g Type Level EP g 
©.00 | 0.000 4.00 22875.41 | 2.822] 1.54 
ary 326.64 | 0.040 1.99 23177.49 | 2.859 0.69 
a®Fy 838.22 | 0.103 1.72 1434 23260.95 | 2.869 | 1.35 
1489.16 | 0.184 1.64 1593. ....| 23646.88 | 2.917 | 1.36 
1518.29 | 0.187 |—0.58 23752.68 | 2.930 
2003.23 | 0.247 1.09 23842.20 | 2.941 
2237.97 | 0.276 1.58 23962.31 | 2.956 
a°F 2688.69 | 0.332 1.33 24194.38 | 2.985 
ary 3052.65 | 0.377 1.55 20° 24221.85 | 2.988 | 1.49 
3499.12 | 0.432 1.40 24257.37 | 2.992 1.45 
a® Fei 3909.62 | 0.482 1.56 24358.12 | 3.005 
4386.03 | 0.541 1.47 24429.52 | 3.014 | 0.94 
5317.50 | 0.656 1.46 24%). ....| 24582.59 | 3.032 1.31 
a®Huy . 7135.06 | 0.880 |—o0.41 2534 24588.01 | 3.033 1.42 
. 7524.86 | 0.928 0.73 24685.56 | 3.045 
8046.00 | 0.993 24689.84 | 3.046 | 1.47 
Dy. 8578.70 | 1.058 2.75 2853 24816.22 | 3.061 143 
. 8679.23 | 1.071 2933 24848 .43 | 3.065 
. 9406.63 | 1.160 1.35 24897.90 | 3.071 
9410.00 | 1.161 2.20 24919.92 | 3.074 
10180.70 | 1.256 24928 .80 | 3.075 
10214.38 | 1.260 25055.54 | 3.091 
a®Gi.. 10428.10 | 1.286 25175.34 | 3.106 1.64 
10873.50 | 1.341 25178.45 | 3.106 1.00 
a®D,) . 10960.16 | 1.352 1.67 3033 25304.09 | 3.122 1.29 
a®H.1 . 11094.06 | 1.369 1.43 373) 25361.49 | 3.129 | 1.48 
11395.40 | 1.407 1.43 25385.36 | 3.131 £50 
a’Dss I1791.05 | 1.454 1.64 3924 25417.14 | 3.135 
11798.70 | 1.456 AO. 25546.03 | 3.151 
12044.98 | 1.486 1.47 25552.80 | 3.152 
a®Gy 12045.17 | 1.486 | 1.45 4234 25505.97 | 3.154 | 1.34 
b®F 3. 12232.40 | 1.509 25597.70 | 3.158 | 1.54 
12566.80 | 1.550 25664.97 | 3.166 | 1.46 
12789.81 | 1.578 25790.15 | 3.181 
. 12841.60 | 1.584 1.61 25939.87 | 3.200 | 1.42 
12987.86 | 1.602 25980.32 | 3.205 | 1.26 
33. 13466.50 | 1.661 26046.35 | 3.213 1.32 
13604.50 | 1.678 1.41 26159.65 | 3.227] 1.28 
b®F 6s 14084.55 | 1.737 1.40 5134 26190.92 | 3.231 
I41I5.00 | 1.741 26214.03 | 3.234 | 0.66 
14503.67 | 1.789 26253.57 | 3.239 
21250.75 | 2,62r |—1.08 26357.90 | 3.251 1.20 
21507.87 | 2.653 26484.66 | 3.267 
21644.55 | 2.670 26505.53 | 3.270 1.54 
21655.40 | 2.671 3.78 26540.13 | 3.274 
21702.33 | 2.677 0.51 26565 .61 | 3.277 
Milica 21904.12 | 2.702 1.81 5033 26599.11 | 3.281 1.64 
73. 22039.98 | 2.719 26690.30 | 3.292 |—1.18 
22248.30 | 2.745 26723.87 | 3.297 
22429.49 | 2.767 1.30 OI... 26771 .62 | 3.302 
22759.38 | 2.808 33 
22788.68 | 2.811 1.24 26820.84 | 3.309 
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TABLE I—Continued 
Type Level EP g Type Level EP g 
26828.29 | 3.310 1.33 | 29508. 32 | 3.050 
65393 26889.10 | 3.317 29640.51 | 3.656 1.63 
603)....5. 26938.49 | 3.323 1.50 || 116%.....| 29656.03 | 3.658 
26973.62 | 3.327 29801.06 | 3.676 
6834 27001.22 | 3.331 29804.91 | 3.677 
27063.32 | 3.338 0.87 121g).....| 29934.80 | 3.693 1.44 
7033 27078. 28 | 3.340 122%). .... 29985 .54 | 3.699 
7134 27107.62 | 3.344 30112.78 | 3.715 | ©.79 
27165.39 | 3-351 0.94 30252.90 | 3.732 
27188.35 | 3-354 1.29 30345.63 | 3-743 
ISA---.- 27263.34 | 3-363 1.45 || 12799...-.| 30514.16 | 3.764 | 1.37 
7634 27284.69 | 3.366 30750.88 | 3.794 
27309.73 | 3.369 30816.62 | 3.801 
784) 27386.70 | 3.378 30879.74 | 3.800 1.44 
7925 27404.15 | 3.388 17348. ---- 30909.35 | 3.820 
3} 31045.47 | 3.830 
27492.95 | 3-392 31171.00 | 3.845 137 
a4 135¢)....-| 31521.65 | 3.888 
813). 27552.51 | 3.399 1303). ...-| 31599.63 | 3.898 
823) 27631.18 | 3.409 1.18 ore 31646.49 | 3.904 
27638 .83 | 3.400 13724...-- 31669.82 | 3.907 
27695.96 | 3.417 1384)... 31768.14 | 3.919 1.43 
8535 27829.75 | 3-433 1.22 31774.52 | 3.920 
8634 27924.00 | 3.445 7 ee 31830.06 | 3.927 1.28 
27942.33 | 3-447 31915.67 | 3-937 
28011.94 | 3.456 13251. ...-| 31926.40 | 3.938 1.47 
893} 28072.33 | 3.463 32000.64 | 3.948 
28142.79 | 3-472 1438). ..--| 32130.54 | 3.964 1.43 
28151.40 | 3.473 1.47 14434..... 32204.36 | 3.973 
28191.96 | 3.478 1.49 || 145%4....-| 32358-59 | 3.992 
9333 28256.32 | 3.486 ‘12 if 32434.70 | 4.001 
28314.18 | 3.493 32589.29 | 4.020 
28393.98 | 3.503 0.88 || 1483)..... 32685.70 | 4.032 
28429.38 | 3.507 1.82 $408 32857.55 | 4.053 
9733. 28445.43 | 3-509 | 1.23 || 1502)..... 32935-43 | 4.063 
9853 28540.12 | 3.521 §2 32945.19 | 4.064 
28573:15 | 3-525 33107.10 | 4.084 
1003}... .. 28672.08 | 3.537 1.33 || 153s4----- 33153-74 | 4.090 
28725.56 | 3.543 1.34: || 33333-40 | 4.112 
28730.14 | 3.544 33 
1030. 2891399 | 3-567 1.46 || 155s). ---- 33598.70 | 4.145 
10424 28929.72 | 3.569 0.75 33772-54 | 4.166 
28938.58 | 3.570 1.97 33775-84 | 4.167 
28997.14 | 3-577 1.41 33852.93 | 4.176 
29246.00 | 3.610 1.46 
108%). . 29310.160 | 3.616 33881 .94 | 4.180 
34 <5 33034.600 | 4.186 
TOO... 29314.25 | 3.616 34040.37 | 4.199 
29387.87 | 3.625 34145.41 | 4.212 
29391 .38 | 3.626 34188.52 | 4.217 
29493.71 | 3.638 1.42 16664 34330.93 | 4.235 
29509.05 | 3.640 34374.70 | 4.240 
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TABLE I—Continued 


Type Level EP g Type Level EP g 
16633. ....| 34418.97 | 4.246 35192.21 | 4.341 
34453.83 | 4.250 35348.57 | 4.361 
5} 
16864. .... 34708.41 | 4.289 35463.91 | 4.375 
35101.70 | 4.330 5} 


The assignment of terms to 4f°(7F)6p is quite uncertain. Those 
terms which appear most likely to belong to it are listed, and are 
also grouped in ‘‘multiplets.’”’ The *G° (previously mentioned) gives 
very intense combinations, but only with a’F and a’H. The electron 
configuration is unknown. 

Although more than 1200 lines have been classified, only 1100 are 
presented in Table II. The lines in this table result from transitions 
between the terms of Table I. Those wave-lengths and intensities 
for which a temperature class is given are from King.'' Those for 
which there is no temperature class are from either Kiess” or King 
and the writer, whose intensity estimates are on a much smaller 
scale than those of King. An asterisk following a wave-length indi- 
cates that the wave-length measurement and intensity estimate are 
possibly affected by a blended Sai or an impurity line. A ‘‘d”’ fol- 
lowing an arc intensity indicates that the line is double. The excita- 
tion potentials, wave-numbers in vacuum, and term combinations 
are given in the last three columns. 

Of the 27 classified double lines that King was able to resolve," 
24 have a*H and 3 have a‘G terms for the low levels. This fact shows 
that most of the splitting is due to the low levels and is greatest for 
those terms which have the largest values of Z and S, but from the 
measurements is apparently independent of J. The average splitting 
in cm— of the a*H levels for the lines measured in the first order 
(scale 1 mm=3.72 A) are as follows: 

13 2} 33 43 53 63 74 83 
ee 0.33 0.36 0.37 0.35 0.35 0.35 0.40 0.44 


Levels 13, 23, 73, and 83 have only one resolved line each; hence 
their values are not so accurate as the others, which, within experi- 
mental error, show constant splitting. Of the 24 lines involving a*H 
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TABLE II 
CLASSIFICATION OF LINES OF SINGLY IONIZED SAMARIUM 
INTENSITY 
EP Wave No. CoMBINATION 
Arc Fur 

9067.98....... 702 11030.87 | aGa— 6% 
9060.34....... 11034.09 | a®Gy— 9% 
8758.28. . .Q17 11414.64 | b§Fyi— 15%) 
8717.89... V? 2.992 11467.52 | a&Ga— 21%) 
8708.43. G00) |. V? 2.822 11479.98 | 1235 
3.166 11580. 51 b®Fei— 4483 
8622.27.. V? 3.032 11594.69 a’P33— 2433 
8609..29....... | 11612.17 | aGu-— 7% 
00)... V 3.033 11746. 39 b§Fy— 25% 
V 3.141 11780.88 | 3833 
V 3.200 11855 .43 4683 
V 2 869 11865. 39 1433 
f2.811] fa®Gia— 1133 
$378.04. 213 11931 .41 4038 
V 3-075 11940.91 a’P33— 32% 
V 3.032 12015.76 | a®Pa— 24% 
$359.96. V 3.061 12026.40 | aGa— 28% 
V 3.274 12036.49 | 578 
$300.85....... V 2.941 12043.61 17% 
$380:26. V 3.166 12000.47 | 448 
$240,38....... 3.045 12118.80 | a’Pa— 26% 
V 3.046 12123.00 | 2733 
$240.08. ...... ULC V 3.158 12131.15 | 43% 
G218.76"...... V 2.956 12163.93 | b’Fa— 18%) 
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TABLE IIl—Continued 


INTENSITY 

EP Wave No. CoMBINATION 

CLass 

Arc Fur j 

SO. V 3.166 12198.49 448 
| V 2.992 12212.16 | a&Ga— 2143 

Sema. 58. ....:.. 3.200 12335.31 | a®Goi— 468 

8687.08... 3.075 12361 .99 3254 j 

Vv 2.869 12387.60 | 143: 

V 3.270 12390. 52 5053 
8048.70....... V 3.270 12420.96 | b*Fei— 563: 

BOI0.32. V 3.274 12455.59 b®Fei— 578) 

Sere. 6. ......... 2.992 12406.09 | 213) 
02. V 3.200 12473.33 | 460 
$605.00. ...... Vv 3.091 12488 .79 3334 
V 2.702 12494.07 | aDa— 
7048.12....... Vv 3.154 12578.14 a®P3s— 4258 

TAs V 3.158 12609.84 | a®P3i— 4333 
V 3.106 12611.74 a®P.3— 3534 
60% V 3.014 12630.83 | b§Fa— 23% 
SOOO, V 3.046 12644.55 a®Gyi— 2733 
GB26.08.. V 3.363 12759.60 | 7553 
V 3.181 12802. 28 a®P33— 4533 
V 2.992 12861.80 | a®Gy— 2143 
V 2270 12900.85 | a®Goi— 5033 
9698.90. V 2.767 13019.30 | 
V? 3.061 13025.14 | aD 28% 
9607.20... Vv 3.270 13038.98 | b®Fy— 5635 
V 3.213 13058.43 | 4038 
4648.02....... V 3.122 13071.69 | 3653 


‘ 
2 
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TABLE II—Continued 


INTENSITY 
i EP Wave No. COMBINATION 
CLAss 
j Arc Fur 
9043.00. V 2.869 13080.25 | 1433 
V 2.956 13088.94 | a8Ga— 18% 
V 3.071 13099.52 | b’Fa— 303 
GOES OAs. V 3.075 13130.19 | b’Fa— 32% 
} V 3.363 13178.95 b®Foi— 
7580.91....... V 3.032 13187.40 | a®Gy— 24% 
j V 3-417 13192.31 | 8461 
V 13204.76 | b’Fy— 40% 
9060.15. .....- 3.310 13223.61 a®Gei— 642: 
7840.06. .....; V 3.122 13258.88 | 36% 
V 2.992 | 13297.18 | 21% 
FABLE. V 3.310 133601 .75 643: 
SO. V 2.941 13414.09 | 17% 
V 2.822 13465.35 | a@Da— 123) 
7402.38... V 3.122 13505.45 3633 
7370.69....... V 3.158 13552.48 | aGa— 43% 
9293.80... V 3.181 13557.80 | 4533 
V 3-417 13611. 41 b*Fei— 8481 
3.234 5258 
| V \3.157/ 13647 .31 403 
7488.02... V 3.270 13715.68 | 565 
7284.61 V 3.366 13723.80 | 76% 
7281.47....... V 3.046 13729.72 | a&Da— 2733 
V 3.181 13745.08 | a®Ga— 45% 
V 3.274 13750.36 | 57% 
V 3.277 13775.80 | 58%: 
9240.00... ... V 3.158 13806.64 | a®Dsi— 4333 
xs V 3.213 13814.04 b§F33— 4033 
V 3.046 13816.50 | a®Ga— 27% 
V 3.300 13832.91 | a®P33— 6333 
V 3.061 13856.05 | a&Dy— 28% 


| 
“A 
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TABLE II—Continued 
INTENSITY 
EP Wave No. COMBINATION 
Arc Fur 

V 3.309 14031 .O1 6393 
V 3.409 14034.60 | 835: 
3.478 a®Py— 
V 2.811 14109.41 | aSHy— 1133 
V 2.621 14115.68 | 1°% 
V 3.151 14150.81 a®G3i— 4051 
7060.03....... Vv 14159.8 68% 
V 3.154 14170.50 | 42%) 
(2.677 574 
3.35% 7251 
2.745 854 
GOOG V 13.158) 14202. 21 a'Gu— 433 
ra: V 3.213 14255.33 | 4045 
6969.69....... V 3.270 14343.89 | 5633 
6008005 V 2.930 14346.03 | 16%) 
V 2.653 14372.88 | aHu— 2% 
V 3.033 14373.59 | a®Hei— 255) 
V 2.767 14383.47 | aHy— 9% 
V 3.032 14402.02 | 24%) 
0627-90. V 3.422 14430. 83 aGa— 3634 
V 2.941 14432. 23 a®D.3— 1733 
0600.81. V 3.369 14468. 19 7793 
2.671| aHi- 43 
V 13.277/ 14520.50 latGa— 58% 
«.. V 3.344 14540. 88 7133 
6879726. Vv 3.378 14545.13 78% 
6862.82... 2.677 14567.26 | 5% 
V 2.869 14581.68 | 1433 
6845.26... V 3.352 14598. 44 7233 


4 
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TABLE II—Continued 
INTENSITY 
EP Wave No. CoMBINATION 
Arc Fur. 
6846: COOKE V 3.061 14601.90 | 2833 
TSO) V 3.158 14637.56 | 434) 
V 3.233 14650.94 | a°Gy— 494! 
0704.20. V 3.270 14714.38 | a&Ds— 5633 
6700.00: V 2.745 14723.48 | 83 
6778.61....... V 3.075 14748.22 | a®D3i— 325) 
6706; 58. V 3-277 14774.66 | a&Dsi— 585% 
6754. 68". V 3.281 14800. 47 59%) 
AT V 2.822 14829.47 | 1233 
0734: V 2, 14844.14 | abHsi— 6533 
6731.84. V 2.992 14850.69 | aSHs— 214 
6712.62"... V 3.323 14893.21 | 663: 
6707.45). V 2.767 14904.69 | 92 
6694 .69 . V 3.382 14933.10 | 72% 
200d V 3.521 14935.64 | 983) 
6681 . 53 V 2.451 14962.51 a®G3i— 
6679. 2*. Vv 2.917 14967.71 159) 
6667.22. V 3.106 14994.62 | a®Dsi— 3434 
6656.10. V 3.014 15019.47. | 23%) 
6648.23......: 3.310 15037.45 | aDsi— 6458 
\3- 5 5 

6614.82. 2.745 15113.40 | 82 
V 3-354 15143.14 | 7334 
6580.72; V 3-432 15170.97. | a®Hoi— 3853 
6585.21....... V 3.033 15181.36 | 2558 
6569.31....... 1000d 1? V 3.303 15218.10 | 7573 
6549 TT V 2.941 15263.50 | 172 
3.340 7038 
f2.822] faSHa— 1233 
EGO Vv 2.950 15383.52 | a®Du— 18% 
6406.05 Vv 3.354 15389.72 b®F.i— 


| 
| 
' 
| | | 
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TABLE II—Continued 
INTENSITY 
EP Wave No. COMBINATION 
CLAss 
Arc Fur 
6487.62*. V 3.061 15409.72 | aH 2851 
6484.52"... V 3.154 15417.09 | a®Dsi— 4333 
6492. V 3.274 15446.10 | 5786) 
6490.40... 20d V 3.166 15450.59 | a®Hsi— 448) 
6455.60. V 3. 366 15486.16 76%) 
0442502 | 3.369 15518.78 | a®Dsi— 7733 
8d V 15543 .07 aG3i— 66%) 
2.992 2133 
GATT FOOU V 13.327/ 15578.10 673 
6410.26... 3.378 15595.69 | 78%) 
6408.06. . V 2.917 15601.04 | 153 
6400.94... 20d V 4.297 15605.48 | 5833 
6408-62). 3.181 15609.42 | a®D3i— 453) 
150 V 2.988 15643.15 | a®Du— 20% 
V 3.091 15645.50 | 33%) 
6368.28"). 25 V 15698 . 49 983: 
6340.03 3.106 15768.44 | a&Da— 351 
6328.84....... V 2.941 157960.32 | 173 
1od V 3.616 15847 b§F — 10953 
807-00... Vv 3.014 15850.87 | 23% 
25d V 3.507 15862.59 96%: 
6301.12. V 3413 15865.82 | a®D3i— 40% 
3.366 a’Gyi— 
V 13.638) 15889. 27 \ — 11231 
a®H;i— 385) 
6246.96. V 16003 .88 2434 
{3.046 2733 
6244528 V 13. 16010. 42 5134 
3.463 8034 
6186200... V 3.154 16155.85 | a®Da— 4233 
6182.89....... V 3.363 16169.20 | 7533 


| 

| 
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TABLE II—Continued 
INTENSITY 
EP Wave No. CoMBINATION 
CLass 
Arc Fur. 
6160.42. V 16228.18 | a8Dy— 7334 
6157.55 V 3.409 16235.74 8231 
G49. 10: V 3.610 16258 .05 a’ P33 — 10753 
6125: V 3.616 16322.34 | 
6127.60... V 3.274 16325.75 | 576 
V 3.693 16330. 53 a®Goi — 12155 
6120, 26......- 3.676 16334 .66 11758 
6110.66 [: I IV 3.473 16360.32 | 9154 
6104;,82:. V 3.809 16375.98 | 
94... V 4. 16495 .11 985! 
V 3.205 16570. 2 a’Da— 4734 
V 3.417 16601.88 | aSH3— 846: 
3.122 16624.88 | aHy— 363: 
{3.213| 4945 
V 3.463 16676.96 | 893: 
3.409\ a’Ga— 8253 
V 13. 323/ 16757 .83 669 
V 3.577 16764 .83 10693 
V 3.756 16841.37 | a®Goi—12665 
564200... V 3.656 16850. 51 — 11568 
V 3.071 16851.84 | aSH3i— 3033 
§026.44.....-- V 3.507 16868.87 | a®Ga—103% 
V 3.354 17007.52 | 7338 
85. .....: es, 3.3603 17048.93 | 757 
V 3.509 17050.03 | a®Gy— 973) 
V 2.985 17058.91 1034 


} 
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TABLE JI—Continued 
INTENSITY 
Temp 
és EP Wave No. COMBINATION 
CLass 
Arc Fur. 

3.106 343) 
| 812160" 5% V 3.463 17199.07 | 
V 3.927 17715.04 aP — 14053 
3.938 17842.07 b®F 63 — 13254 
5600.50... .<... V 3.656 17849.46 | —1158) 
3 I IV 3.231 18144.78 | 5134 
| | ale, 3.181 18264.42 | 4533 
V 3.267 18959.93 | a®Ha— 55% 
V 3.616 19099 — 1095! 
V 3.207 19199.03 | 61%: 
506.02... 2.621 19247.56 | 1% 


| 
| 
2 
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TABLE II—Continued 
INTENSITY 
EP Wave No. CoMBINATION 
CLass 
Arc Fur 
6366.06. V 3.756 19351.73 | 
6 

$363.07. 2.930 19366. 69 aFy— 16% 
566.622. V 2.822 19376.26 | 1293 
V 3.743 19385.71 Di — 12598 
SESE EIKO V 3.463 19393.14 | 8033 
s 4d me V? 3.061 19498. 48 2833 
V? 2.653 19504.80 | a°Fiu— 253 
700....... V 3.338 19538.42 | 60% 
$104.06. V 3.676 19586.81 | 
5103 .093. 200d I IV 3.577 19590.55 | 
S100. V 3.904 19601.57 | 
94. V 4.212 19641.91 | 
V 4.001 19644.89 | 
5087.079...... 2.671 19652.18 | 4° 
...... V 4.090 19687. 32 b§F 53 — 15353 
5069. 460. V 3.693 19720.48 | 
6006. V 3.888 19730.60 | 
5066.390...... V 2.621 19732.43 | 1° 
5064.238...... 8 V 2.767 19740. 82 
5058.86. V 2.869 19761. 81 a°Fy3— 1434 
5057. 742. 3.509 19767.17 | aHa— 9733 
5052. 700. ..... 150d 3 IV 3.809 19785.67 | a8H,i—1318 
gogr.28....:.. V 3.937 19870.53 | a®Ga—141% 
5028.44....... V 3.938 19881.36 | 
SOOT. 230. V 2.653 19989 . 56 — 2% 
5060,04..... V 4.145 19994.28 | a®Gei—15538 
4989.44....... V 2.719 20036.76 | a°Fu— 734 
3.83% 3853 

1od V 14.053/ 20067 .77 
4072.16....... V 3.400 20106.39 | a®Ha— 82% 
4904.560...... 20 I IV 2.671 20137.17. | 4% 
250 3 IV 2.917 20147.72 15% 
4960.04....... V 4.064 20155.53 | a®Gs —151%3 
4957.67.. V 3-743 20165.15 | 
AOSG V 4.167 20171.42 | a8Goi—15753 
4054 Vv 2.677 20184.04 — 5% 

150 I IV 2.822 20186. 73 a°F4— 1233 

4948.627...... 150 2 IV 3.033 20202.00 | a®Fy—25%) 
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INTENSITY 
EP Wave No. COMBINATION 
CLass 
Arc Fur 
4040.61... V 3.507 20234.78 | 
4938.100...... 100 I IV 2.745 20245 .07 8% 
4936-031 V 2.930 20253.50 164) 
V 4.289 20264.77 | 1688) 
4026.-563 V 3.158 20280. 13 aFa— 433 
Vv 3.040 20303.75 2733 
4090.38. V 3.486 20317.98 | 933) 
V 4.186 20330.25 | a&Goi— 1608) 
4014-207. V 2.941 20343.13 1733 
4913. 248. 150 I IV 3.166 20347 .40 446) 
A901 307”. V 3.676 20394.58 | 
4804-305 25 I IV 2.767 20426. 24 
45). | V 3.061 20430. 21 aFy— 2851 : 
V 3.409 20496.09 | 82% ' 
Vv 3.888 20501 .5 a’ — 1355! 
100 2 IV 2.869 20572.30 143) 
4854.305.. 150 3 IV 2.917 20594. 28 1593 
4849-960. 200 2 IV 3.200 20622. 37 4683 
V 4.053 20625. 30 b§F33— 1494) 
4844.208...... 300 6 IV 2.822 20637.406 12% 
4836.669...... 20 I? IV 2.653 20669 .62 234 
4834.618...... 100 IV 3.033 20678.40 255) 
4530.68 V 2.985 20695. 25 1934 
4829.568. . 250 3 IV 2.930 20700.02 aFa— 169 
V 4.004 20712.88 b§F33— 1514 
4816.012.. 100 I IV 2.992 20758. 28 aSFyy— 2133 i 
4815.808...... 400 8 Ill 2.745 20759.16 aFy— 85 
4804.903...... IV 2.670 20806. 28 
200 4 IV 2.677 20864. 11 
AIST 60 2 IV 3.061 20906 63 2854 
4777.840...... 200 6 IV 2.621 20924.10 | 
V 4.167 20934. 25 b§F 43 — 1575! 
80 2 IV 2.969 20940. 31 
4758.82....... V 3.472 21007.76 | aSHu— 90% 
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INTENSITY 
EP Wave No. CoMBINATION 
CLASS 
Arc Fur. 

30 2 IV 2.869 21022.98 | 143 
4745.680...... 500 12 IV 2.702 21065 .g2 aFa— 61 
40 I IV 3.032 21083.50 | a°F;3— 24% 
100 4 IV 2.941 21153.55 17% 
V 4.289 21164.08 | a&Gei— 1688) 
303. - V 2.859 21174. 28 a°Fis— 1338 
Vv 3.154 21180.00 a°Fy— 4233 
4719.838...... 200 6 IV 2.653 21181.26 | aFu-— 2% 
4918. 320. - 150 4 IV 3.270 21187.13 5055 
150 IV 3.046 21190. 78 2733 
4715.265...... V 2.719 21201.80 | a®Fa— 7% 
AGT2 150 ? IV 3.158 21211.74 433) 
4704.307..---- 500 8 IV 2.621 21250.78 | 1% 
330% 80 I IV 2.956 21273.06 18% 
4603.628. 150 2? IV 2.811 21299.54 a®Fyy— 113) 
By V 4.289 21301.80 | 1686 
V 3.888 21307.43 | a®Hoi—1355) 
4687.183...... 400 6 IV 2.671 21328. 83 
4082.689...... 50° ? IV 3.005 21349. 29 2934 
500 20 Ill 2.677 21375.67 533 
4674.500; 600 25 2.822 21386. 23 1233 
.865...... V 3.071 21398.80 | 3033 
4669.650...... 500 20 Ill 2.917 21408 .gI 1548 
4069.306...... 500 20 Ill 2.745 21410.07 | 8% 
V 3.075 21429.64 | a°Fy— 32% 
50 4 IV 3.441 21475.69 385) 
4648 .629...... V 2.985 21505.72 1934 
4648.160...... 100 4 IV 2.653 21507.90 — 2% 
50 3 IV 3.310 21510.80 | 643 
4646.684...... 200 8 IV 2.930 21514.72 aFy— 16% 
500 20 IV 3.033 21535.34 2554 
4640.14.....-. V 3.650 21545.06 | 
4 I— IV 2.702 21577.47 6% 
4630.206...... 60 8 IV 2.767 21591 .03 
4624.972...... AM IV 3.927 21615.72 | a®Ho—140%3 
4020.99. V 3.830 21635.37 | a’Da—133% 
10 3 IV 2.671 21655.44 | 4% 
4615.690...... 300 20 Ill 2.859 21659.19 a°Fy — 1374 
| 150 8 IV 3.213 21660.35 | a°Fy— 40% 
ABTS 12 I IV 3.005 21669. 44 2233 


| | | | 


54 WALTER ALBERTSON 
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INTENSITY 
EP Wave No. CoMBINATION 
CLASS 
Arc Fur 
4606.514...... 100 15 Ill 2.677 21702.33 | a®Fi— 
4604.180...... 80d | 12 IV 2.719 21713.33 | a®Fu— 738 
10 2 IV 3.014 21740.84 233% 
4595.291...... 250 15 IV 3.166 21755 .34 a’Fei— 4464 
4593.544...... 150 12 IV 3.0061 21763.61 2853 
100 IV 2.869 21771.79 | a®Fyi— 1438 
4584.831.. 150 15 IV 2.122 21804 .97 3638 
250 15 Ill 2.941 21838 .97 aeFy— 17% 
200 15 Ill 3.032 21893.90 | a°Fa— 24% 
12 4 IV 2.702 21904.00 | — 6% 
2 I— IV 20136 21917.99 a°F33— 30934 
50 10 Ill 2.745 21921 .63 833 
1ood 15 IV 2.811 21950. 42 1133 
150 12 Ill 2.956 21959 .05 
ASAS*BIO: 3 I— IV 3.309 21992.14 aFa— 77% 
15 3 IV 3.045 21996.60 | 26%) 
BEAD <5. 250 20 III 3.040 22001.15 2753 
30 6 IV 2.992 22019. 37 aFy— 2133 
200 15 IV 3.200 22030. 22 a®Foi— 4683 
60 10 IV 2.822 22037.20 | a®Fa— 123) 
4523.912.. 250 20 III 3.158 22098.59 | a°Fy— 433) 
4523037 150 20 Ill 2.7607 22102.86 
200 25 Ill 3.270 22119.51 565: 
I IV 3.005 22120.06 | a®Fy— 22% 
451.820... 200 20 III 2.917 22157.73 a®Fy3— 1548 
ASOR OST. 30 6 IV 2.985 22191.10 1934 
6 3 IV 3.071 22209. 21 3053 | 
4409.475...... 125 15 III 2.988 22218.61 20% 
180... I IV 3.075 22240.05 323% 
4492.2098...... V 4.001 22254.10 | 
...-.. IV 3.181 22291.15 | 4538 
8 4 IV 2.859 22339. 24 1334 
BATS 150 15 Ill 3.033 22350.03 a®Fy— 255% 
4472.420...... 80 10 Ill 2.941 22352.98 a®Fy3— 1734 
4492156 V 4.212 22354.33 | 
4467. 342 500 20 Ill 2.417 22378.42 848 
400 30 Ill 2.869 22422.71 1434 
4467.90. 2 I IV 3.014 22426. 36 2338 
44560.110.. 6 2 IV 3.309 22434.82 aFy— 63% 
4454.620...... 200 15 Ill 3.310 22442. 28 6453 
250 20 Ill 3.046 22451 .87 273% 
4440.955...... 5 I IV 3.205 22481 .01 4734 
4434.323.. 400 | 40 3.158 22545.05 | 43% 
300 20 III 3.213 22547.27 4943 
4427.814...... 6 I IV 3.061 22578.19 2853 
4427.583.. 20 5 IV 3.032 22579.37 | a°Fiu— 2438 
4404.330...... 600 50 Ill 3.270 22595.92 
4421.138...... 200 20 Ill 3.166 22612.28 | a’Fy— 448 
200 20 Ill 2.122 22615.41 a°F3— 3653 


. 
| 
| 
| 
| 
| | 
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INTENSITY 

EP Wave No. CoMBINATION 

CLAss 

Arc Fur 

4417.583...... 60 8 III 3.274 22630.48 | 578 
10 4 IV 3.071 22659.97 3058 
100 15 III 3.129 22672.82 
5 I IV 3.045 22682.14 2671 
4405.6074..... 3 I IV 3.231 22691.65 | 51% 
4403. 360. .... 100 15 Ill 2.988 22703.57 a°Fy — 20% 
30 ? IV 2.985 22705.12 1934 
4399.884...... 8 2 IV 3.344 22721.51 a°Fy— 7133 
4302.60....... V 2.808 22759.19 | — 10% 
4200-858. 600 30 Ill 2.992 22768. 22 
4504. 202...... 80 5 IV 3-354 22802. 32 7333 
4378.236...... 150 8 IV 3.473 22833 .86 
V 3.065 22845 .31 — 2924 
100 12 Ill 2.859 22850.88 13% 
100 8 III 95% 22858.78 5424 
AS92448: V 3.192 22864.10 | a°Fa— 
4370-480... | V 3.478 22874. 38 924 
.-... 40 6 III 3.154 22877.30 | 4233 
150d | 10 Ill 3.200 22887.20 | a®F33— 468 
4503. 60 8 IV 3.014 22911. 24 — 2374 
4302.409...... V 3.074 22916.70 | 31% 
4362.040...... 300 15 4.310 22918 .63 6423 
40 4 IV 3.369 22923.72 773 
150 15 Ill 3.075 229025.57 3234 
AGS. 300d | 20 IV 4.347 22979.61 a®Fes— 6554 
4347.801...... 400 20 Ill 3.253 22993 .69 a®F3— 4048 
A347.273.....- V 3.493 22996. 48 9444 
4346.404...... V 3.378 23000.60 | a°Fy— 78% 
AGAR 150 15 Ill 2.941 23003 17% 
4334.163...... 400 20 Ill 3.122 23066.10 | a®Fy— 36% 
4390-010. 400 25 Ill 3.032 23093 .47 2434 
STA. 6 I IV 3.181 23101.48 4533 
200 15 Ill 2.956 23124.08 1874 
43185030... 500 30 Ill 4.53% 23147. 36 385 
398. V 3.399 23106.45 8133 
40 6 IV 3.106 23175. 32 3534 
5 2 IV 2.859 23177.40 — 1333 
4309.012...... 200 20 III 3.046 23200. 67 2733 
80 4 IV 3.521 23222.59 9853 
42909.340...... 10 2 IV 3.409 23252.87 aFy— 8354 
15 IV 3.302 23272.35 62% 
4292.182...... 150 10 Ill 3.205 23291 .04 4734 
4286.640...... 100 5 Ill 3.309 23321.76 aFy— 63% 
4285.490...... 200 10 Ill 3.154 23327.99 4238 
4280.789...... 400 20 3.363 23353 .63 7578 
2.985 23350.17 1934 
GAB 80 8 Ill 3.129 23358. 25 a°Fyy— 


4280. 324...... 20 4 IV 


| 
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INTENSITY 
EP Wave No. COMBINATION 
CLaAss 
Arc Fur 
4979: 747 40 5 IV 3.065 23359-31 | 202) 
4279.678...... 200 12 III 3.158 23359 .69 433) 
8 I IV 3.074 23401 .63 — 31% 
4270-841. 4od 3 IV 3.543 23408 .02 a°F.3— 1013} 
10 IV 3.071 23408 .62 a®F33— 3053 
4a60.968..... 3 I IV 23413 .91 3093) 
| 15 Ill 3.075 23439.77 325) 
300 20 Ill 3.270 23452.86 56% 
4259.389...... 3 I IV 3.227 23470.97 | 50%: 
30 4 IV 3-327 23475.45 | a°Fys— 673 
400 30 Ill 23487 .48 578 
3.331 68% 
6 2 IV 13.231} 23502. 25 sid 
40 8 Ill 3.277 23512.96 58% 
550%... 30 6 Ill 2.934 23525.30 523) 
4247.390...... 5 3 IV 3.091 23537-27 | a°Fi — 33% 
30 5 IV 3.152 23549.50 4133 i 
200 12 Ill 23552.17 4553 
4227-063)... 200 12 III 3.014 23591. 29 2333 
4236.745.....: 250 10 Ill 3.567 23596.40 | 
200 10 IV 3.344 23608. 51 a°F33— 7133 
4290: 300 15 Ill 2.956 23635 .68 aFy— 189) 
4225 308... 400 20 III 3.106 23660. 16 a°Fy — 
A224 5 I IV 3.351 236066. 31 7235 
293.7903)... 30 4 IV 23669. 26 5435 
3.463 8933 
200 10 Ill 13. 106f 23686. 33 34% 
4220.142...... 50 4 IV 3: 354 23689. 24 7333 
150 10 Ill 3.032 23744. 32 2454 
4206622... ... 60 4 III 3,473 23765. 37 
4206.128...... 100 8 3. 309 23768.16 | 63% 
4204.818...... V 3.310 23775-57 6453 
AIO3- 125 10 Ill 3.366 23785 .56 7654 
A202 60 6 Ill 3.417 23786. 33 848) 
A201 .221....... V 3.267 23795 .92 5535 
4190.452...... 60 4 IV 3.478 23805 .95 9253 
8 I IV 3.122 23814.77 3655 
162 ........ 50 5 III 3.045 23847 .34 2675 
398: 200 8 III 3.486 23870. 31 9353 
150 10 III 2.988 23895. 21 20% 
80 6 IV 3.281 23910. 42 5034 
[3.493 944) 
AT 7B 100d 4 IV 13.135/ 23928.07 303 
30 IV 3.331 23048 . 65 68% 
500... 80 5 IV 3.388 23905.06 | 709% 
3} 
200 15 Ill 3.205 23977 .08 47% 
g063.724...... 25 2 IV 3.0065 24010. 22 29% 


| 
| 
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INTENSITY 
» peng EP Wave No. CoMBINATION 
CLaAss 
Arc Fur 

20 4 IV 4.552 24034.53 — 41% 
AESO: 400... 20 I IV 3.297 24035.18 
4156.250 30d ? IV 3.399. 24053.39 8133 
100 6 Ill 24059. 37 
ALES 100 4 IV 3.625 24070. 29 a°F — 11093 
200s. 200 12 3.154 24076.80 | 4253 
ATAQ. 200 15 Ill 3.075 24090.60 32% 
FIO... 5. 80 6 Ill 3.014 24102 .92 
4146.748...... 40 4 IV 3.158 24108.51 | a®Fy— 433) 
4138.969. 5 I IV 3.521 24153 .82 985 
TAB. 50 3 IV 3.638 24176.17 a°F — 1123 
4645-200. 10 2 Ill 3.233 24187 .59 5154 
100 6 Ill 3.234 24210.7 a°Fyy— 5294 
O80). 150 8 3.473 24241.75 
4122.506...... 30 6 Ill 3.230 24250. 27 
A121. 542 20 4 Ill 3.032 24255.94 2433 
80 8 Ill 3.369 24257 .03 773 
4119.574. 15 3 IV 3.270 24267. 53 5653 
4118.551 400 15 Ill 3.650 24273.506 a°F 3 — 1144) 
4116.465...... 30 5 Il 3.327 24285 .86 6734 
ALIS 100 8 3.181 24300.99 4533 
4110.193. 30 2 IV 3.656 24322.92 a°F 53 — 11583 
4109. 405 150 8 Ill 3.499 24327 .58 58% 
AIO8 20 2 IV 3.378 24334.03 aFa— 78% 
8d 2 IV 3.106 24337.12 343 
200 8 Ill 3.543 24339 .54 — 10143 
4107. 277...... 60 6 Ill 3.106 24340.19 | 35%) 
60d IV 3.544 24344.08 10233 
4104.127 60 8 III 3.045 24358.87 26%) 
4098.966...... 4 I IV 3.340 24389 .54 7033 
4094.046...... 80 6 IV 3-344 24418.85 | a°Fa— 7133 
4092.266...... 400 15 lil 3.014 244209 .47 a®Fy — 23% 
4084.403...... 80 6 Ill 24476.50 7233 
4083.584...... 100 10 III 3.267 24481 .40 a°Fis— 5534 
V 3.676 24483.50 | a°F3—11733 
4082.600...... rood 8 Ill 3.677 24487 .31 a°F53— 11833 
4081.968...... 15 I III 3.205 24491.10 | a8F33— 4734 
4080.561...... 60 6 III 3.354 24499 .54 7333 
4076.862...... 20 3 lll 3.005 24521.77 2938 
4076.649...... 80 8 Ill 3.129 24523.05 3734 
4075.845...... 250 12 Ill 3.567 24527 .89 a°F 3 — 10333 
4070.990...... V 3.213 24557.11 | 40% 
4068 334. 100 10 III 3.463 24573.17 a°F33— 8933 
15 4 IV 3-135 24578.93 | 30% 
4000. 737. 200 Ill 3.309 24582 .82 6333 
4000. 183)... 10 I Ill 3.409 24580.17 8353 
4065.006:....... V 24593.29 = 
J3.366| fa°Fu— 76% 

4064.576...... 300 25 Ill 13. 281f 24595 .89 


| | | | 
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INTENSITY 
» bud EP Wave No. CoMBINATION 
CLAss 
Arc Fur 
150 20 Ill 3.075 24602.16 32% 
4061.069...... V 3.693 24617.13 a°F 3 — 12153 
4058.872...... 80 5 Ill 3.521 24630.45 | a®Foi— 98% 
4052. 206 V 3.227 24670.42 5053 
4049.808...... 60 42 Ill 3.045 24685.58 — 
4049.584...... 10 I IV 3.292 24686 .95 aFu— 60% 
352... 15 3 Ill 3.323 24700.56 6651 
4047.160...... 80 15 Ill 3.331 24701 .73 513 
sod | 10 Ill 3.ESE 24707 .82 405) 
052. 30 6 Ill 24714.61 4134 
4043-370... V 3.234 24724.89 5254 
AO42 GOS... .. +. 250 20 III 3.154 24727 .73 429) 
200 15 Ill 3.091 24728 .84 — 3374 
200 12 III 3.239 24735 — 53° 
4038.008...... 20 2 IV 3.486 24757.17 | 933 
508. 30 3 III 24763. 25 aFy— 68% 
4035.110 250 Ill 3.388 24775 .44 7934 
33 
4030.419...... V 3.392 24804. 33 aFy— 80% 
300 15 Ill 3.106 24848 .65 343 
4022.731 20 4 Ill 3.106 24851. 73 3533 
4021 .423 | V 3.610 24859 .82 a®F43— 10753 
4020.708....... V 3-399 24863 .68 a°F,3— 8133 
4019.982...... 80 6 Ill 3.251 24868. 73 5434 
4019 .835...... 30 3 III 3-344 24869 .64 7133 
15 I— IV 3.503 24894. 81 9534 
10 I IV 3.074 24919.86 — 
4008 .097 15 I Ill 3.409 24942 .47 a°F.3— 8234 
4007.482...... 80 5 Ill 3.509 24946.30 | a°F3i— 973) 
4006.824...... 15 2 IV 3-354 24950.40 | a®Fyu— 733) 
4006.602...... 40 5 Ill 3.181 24951.78 4553 
4004.259...... V 3.267 24906. 38 a°Fy — 5533 
401... 60 6 Ill 3.327 24971. 36 67%: 
39903.308...... 200 15 Ill 3.129 25034.84 37% 
? IV 3.091 25055.59 | a®Fi — 33% 
3987.428...... 80 6 Ill 3.369 25071.76 77% 
3087.066...... 4 I— IV 3.525 25074.03 a°F33— 99%) 
39086.682...... 150 10 Ill 3.397 25076.45 583 
908s .0085...... 20 4 III 3.281 25080. 77 a°Fi — 
3984.449...... V 3-135 25090.50 | a’Fu— 30%) 
200 10 Ill 3.473 25098 . 76 a®F3— 
4070:200...... 150 8 Ill 3.640 25123.60 | 
3076.430...... 200 12 Ill 3.433 25151.10 | 8534 
200 12 Ill 3.205 25142.11 47% 
20 3 Ill 3.378 25148.75 78% 
300 15 III 2 25172.96 a°F 34 — 1003) 
090/826. . 200 15 Ill 3.106 25178.47 — 35% 
3667-076. 60 3 IV 3.764 25196.57 a°F 5 12733 


| 58 
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10 I- IV 3.650 25205.07 yy — 1149 
150 10 III 3-357 25200.93 
3904.102 V 3.151 25219. 28 40% 
15 I IV 3.544 25231.13 a°F 33 — 10254 
3958.721 15 I IV 3-447 25253.50 87%: 
3954.200...... 15 2 IV 3.302 25282.44 a®F3i— 62% 
33 

3948. 113 300 15 Ill 3.227 25321. 48 5033 
100 3 IV 3.450 25323.18 88% 
2040; 200 12 III 3.309 25331 .69 6333 
200 15 Ill 3.231 25352.71 5133 
300 20 Ill 3.129 25361.49 | — 37% 
3039.642...... 10 I IV 3.234 25375.86 5253 
4088 8 I- IV 3.463 25383 8933 
150 6 Ill 3.409 25400. 86 aFy— 835: 
* 3.676 a°F — 11758 

4039, 883" 100? 5 IV \3.567/ 25414.92 — 1033 
3932.908...... 30 I IV 3.677 25418.92 a°F — 1183) 
V 3.509 25430.64 | a°F33—104% 
3928.279:..... 400 20 Ill 25449. 26 6633 
3022.607...... 30 2 IV 3.327 25485.57 a’Fy— 67% 
3922.397 800 20 Ill 45821 25487.42 985) 
80 4 IV 3.392 25489 .65 a°Fyi— 8034 
3918.624 40 4 IV 3.331 25511.960 | 6833 
2017 200 10 Ill 25519.66 5434 
3012.985...... 25 I IV 3.693 25548.73 a°F 3 — 
3010.020...... V 3.809 25562.22 a°F — 13184 
3910.088...... 25 IV 3.486 25507 .66 9353 
3906.808...... 20 I IV 3.340 25589.12 a®Fyi— 7033 
3902.323...... V 3.344 25618. 53 a®Fy3— 7138 
3900.888...... 50 4 IV 3.409 25627 .95 823) 
I- IV 3.820 25651 .83 a°F — 17344 
38096 .977 600 20 Ill 3.205 25653 .68 4734 
3894 .053 100 5 Ill 3.543 25672.94 a’ — 10141 
3891.210...... 100 4 Ill 3.357 25691.69 | a®°Fy — 74% 
3890.080 200 6 Ill 3-354 25699. 16 7333 
48860. 1S7....... 20 I IV 3.503 25705.26 9534 
3885 .go6 40 I IV 3.735 25720.76 a°F — 12333 
3885. 286...... 1000 15 Ill 3.656 25730.87 | a®Fes—1158 
20 I IV 3.507 25740.68 | 96% 
3882.870...... 6 ? 3.610 25746.88 a°F33— 10733 
100 ? IV? 3.500 25750.74 9753 
3880. 766 150 ? IV 3.281 25760.84 
200 5 Ill 3.366 257905.55 a’Fyi— 76%: 
40 I IV 3.616 25811 .02 108%) 
34 

300 8 3.369 25820.63 77% 
3870.884...... 20 ? IV 3.433 25826.49 a°Fyi— 
3865 .687...... V 3.507 25861. 32 a®F — 10394 


| 
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INTENSITY 
EP Wave No. COMBINATION 
CLass 
Arc Fur 

80 2 IV 25864. 33 5131 
3862.232...... 80 2 IV 3.525 25884.45 993! 
B02 O54 150 4 IV 2.207 25885 .64 619) 
15 ? IV? 3.625 25888 .75 a°F — 1104) 
25 IV? 3.676 25891.50 a® Fos — 1175) 
30 ? IV? 3.626 25892. 29 a°F 33 — 11134 
3860.274.....- 40 2 IV 3.378 25897.60 | 7833 
100 ? Ill 3.473 25013.44 
4855 100 4? Ill 3.230 25920.95 53°4 
3854.938.....- 8 1? IV? 3.302 25933 -43 62%) 
3} 
3851.880...... 150 6 lll 3.478 25954.02 aFy— 924 
3847.511 150 5 Ill 25983 .49 a°F,4— 1003} 
3844.408 . 30 I IV 3.392 26003.86 80%) 
60 2 IV 3.450 26008 .76 88%) 
200 6? IV 3.640 26010.600 a®F — 1133) 
80 2 IV 3.486 26018 . 34 vFy— 933) 
150 ? IV 26031 . 26 54% 
3838.041 200 4 Ill 3.544 26041 .49 a°F,4— 1023) 
rood 2 Ill 3.309 26063 . 39 815) 
200 8? Ill 3.493 26076. 22 9431 
400 6 3.650 26092 a°F33— 1144) 
BESO 200 5 Ill 3293 20100. 29 665) 
3826. 202 400 12 Ill 3.764 26128.19 43 — 
3824.992...... | V 2.227 26136. 406 67% 
3824.536...... 40 3 Ill 3.472 26139.58 | a°Fu— 90% 
200 5 Ill 3.400 26142.04 82%) 
60 3 III 3.267 26158.07 a®Fy— 
100 ? IV 3.509 26207 .45 9733 
150 io Ill 3.438 26225 .07 60%: 
3809 .883....-- 50 2? Ill 3.340 26240.10 7033 
BROG 50 ? IV 3.569 26241 .01 a°F — 1043) 
80 IV 3.570 26249. 89 10534 
80 8 Ill 3.239 26253 .62 aSFy — 
4806. 60 3 Ill 3.616 26261 .59 — 1095! 
3805.626...... 200 4 Ill 3.344 26269. 46 a®Fy— 71533 
3805.190...... 12 I IV 3.281 26272.47 592 
400 12 Ill 26302. 21 985: 
100 I IV 3.677 20305 .79 a°F,3— 1184) 
300 Ill 3.433 26311. 52 — 85%) 
S907. 20S 150 2 IV 2.265% 26327.17 7233 
500 20 Ill 3.354 26350.10 7333 
3702 025 150 3 IV 3.292 26363 .68 60% 
400 15 Ill 3.503 26390.82 | a°Fii— 9524 
100 ? Ill 3.297 26397. 24 61%) 
60 2 IV 3-447 26424.09 — 
25 I IV 3.507 26420.13 962) 
40 6 Ill 3.801 26430.59 a°F 43 — 13033 
150 5 IV 3.638 26441 .00 a8F — 1125) 
15 I IV 3.306 26440 .49 763) 
50 I IV 3.919 26450.60 — 13833 
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TABLE Il—Continued 


INTENSITY 
EP Wave No. COMBINATION 
CLass 
Arc Fur 
3774.678...... 150 5 26484 .83 — 
3.699 a°F,3— 12234 
594.908. 150 2 IV 13.543/ 26487 . 53 \ a®F — 1013 
50 2? Ill 3.456 26493 aoFy — 88% 
998... ..- 40 I IV 3.927 26512.56 a°F — 1405) 
200 6 IV 3.750 26536. 29 a® — 1208) 
4704. 300 15 Ill 3.610 26557 -35 a°F,4— 10733 
3762. 588. 200 8 Ill 26569 .93 992) 
3.820 a°F — 17348 
500 20 Ill 13.463/ 26583. 31 893 
3760.0A5..... 100 4 Ill 3.656 26587.90 | 
3758.450....-- 150 10 Ill 3.281 26599.18 | a’Fi — 
600 ? IV 26613 .62 a°F — 12333 
9966. 276...... 200 Ill 3.616 20621 .67 — 10835 
3) 
3754.861...... 60 3 Ill 472 26624.60 | a°Fi — go's 
15 I IV 3.388 26625 .92 a’Fu— 7924 
3) 
80 5 IV 3.327 26647 .97 67% 
3748.627...... 40 3 It 3.537 26068.88 | 
100 6 Ill 3.507 26676 .03 ab Fi — 10394 
3745.005...... 200d 15 Ill 26690. 40 — 60% 
3.626\ a°F — 1113 
3943. S08. 500 20 Ill 13.478} 26702.78 92% 
200 5 Ill 3.338 26736.14 | 60%) 
100 4 IV 3.676 26748 .45 11758 
600 20 Ill 3.409 26793 .02 82%) 
37928.400. ... 400 15 Ill 3.904 26813 a®F — 14381 
15 I IV 3.640 26820.92 11333 
100 4 IV 3.493 26825 .04 a®Fyi— 9433 
4924 .002.....- 200 10 Ill 3.351 26838 .74 72% 
500 10 Ill 3.693 26882. 23 a®F 4 — 12198 
25 I IV 3.387 26883 .49 74°3 
200 6 Ill 3.569 26926. 48 a°F,4— 104%) 
ABLE 200 6 Ill 3.570 26935 .34 105%) 
3710. 869. 100 Ill 3.507 26940. 23 96% 
300 12 Ill 3.509 26956. 32 9733 
3708.410...... 200 8 Ill 3.306 26958 .02 a®Fi — 76% 
10% 1ood ? IV 3.658 26967 .13 a°F,4— 
2966 . 300 6 Ill 3.809 26970. 15 a® Fos — 13184 
50 I IV 3.610 27008.00 | 
3700.507...... 100 3 IV 3.764 27015.01 a°F33— 12793 
1200 12 Ill 3.338 27063. 33 — 6971 
3002.29... 150 6 IV 3.616 27076. 29 ab F — 1093! 
3090.929...... 60 2 IV 3-445 27085 .77 86% 
100 2 IV 3.447 27104. 21 87% 
4684546. 20 I IV 3.888 27135.71 a°F 3 — 1355) 
3682.203...... 40 2 IV 3.625 27149 .95 a’ 11033 
8 I IV 3.392 27106. 23 80% 
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TABLE Il—Continued 
INTENSITY 
EP Wave No. CoMBINATION 
LASS 
Arc Fur 

3674,008...... 100 4 Ill 3.387 27210.07 — 74° 
3670.840...... 1000 15 Ill 3.463 27234.00 | 8033 
40 I IV 3.543 27236.39 a’ F33— 1019) 
3669.907...... 20 I IV 3.544 27240.92 a’ F33— 10233 
150d ? IV 3.638 27255.59 a 
3662.005.....- 200 4 IV 3.743 27292.99 a® Fy — 12533 
2662 208 100 3 IV 3.699 27297 .74 a®F — 122% 
3061 .365...... 1000 20 Ill 3.409 27304.47 825: 
80 3 IV 3.801 27317.50 | 
50 2 IV 3.650 27353.09 11444 
3650.998...... 150 2 IV 3.919 27382.00 | a°Fy—1383) 
3650.188...... 200 2 IV 3.626 27388 .07 a°Fyy— 11135 
500 8 Ill 3.756 27393 .03 Fos — 12068 
3645.899....-- 50 I IV 3.570 27420.29° | a°Fy — 10535 
200 6 Ill 27424.15 a°F,4— 1233) 
3645.290...... 300 10 Ill 3.567 27424 .87 10343 
$643. 100 I IV 3.037 27443 .95 a°F43— 1405) 
BORO CATS 50 I IV 3.820 27470.20 | 
200 5 III 3.433 27503 .05 aFiy— 85%) 
2634.200.....- 1500d?} 40 Ill 25597 27507 .87 ab F — 1004) 
V 3.830 27540.30 a°F 33 — 13334 
9627.97 ...... 100 4 Ill 3.503 27555-79 9523 
9637.014.....: 400 10 Ill 3.676 27563 .06 a® Fi — 11758 
30 I IV 3.077 27506 .97 
200 6 li 3.507 27591.19 96% 
3622.504. 100 3 IV 3.445 27597 .37 aFiy— 86% 
9621 .220...... 600 20 Ill 3.500 27607 .09 973: 
$70. . 100 3 IV 3.888 27612.07 aS Fos — 13553 
3620.104...... 80 4 Ill 3.447 27615 .67 87%) 
$655 240... 40 2 IV 3.658 27652.82 — 11635 
3609.491...... 1200 20 Ill 3.693 27696 . 86 aS Fyy— 12158 
3604. 285. 800 30 Ill 3.904 277306 .87 Fos — 12873 
3601 .692. 200 8 Ill 3.610 27750.84 a®F,3— 10733 
30 IV 3-973 27818 . 33 a°F 3 — 1443) 
020003. 1500 15 Ill 3.809 27826 .06 a’ — 13164 
3591.741. BOR V 27833.74 F — 1003) 
100 2? IV 3.544 27891 .84 ab F — 10233 
3663.304...... 150 2? IV 3.625 27898. 57 aS 11048 
3580.590...... V 3.927 27920.42 a® Fos 14054 
3577-789. 150 5 Ill 3.447 27942. 28 — 
3568.888...... V 3.450 28011 .97 — 8834 
472 1500 20 Ill 3.938 28016.80 | 
80 3 IV 3.507 28102.60 | a®Fu— 963 
744... 100 2 IV 3.743 28107.60 | 
260.5... 100 2 IV 3.801 28128.12 a®F — 13058 
3552. 302 50 I IV 3.472 28142.75 | a®Fi— go% 
40 I IV 3.904 28220.98 | a®Foi—1430) 
$690.252...... 15 I- IV 3.525 28246. 51 9934 
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TABLE IIl—Continued 
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INTENSITY 
EP Wave No. COMBINATION 
CLAss 
Arc Fur. 
15 I— IV 3.732 28249.79 | 
........ 150 4 IV 3.920 28275.27 a°F 33 — 13933 
9534.024...... V 4.145 28281.10 | 
150 4 Ill 3.677 28315.73 a’ 
$626 .004...... 20 I IV 4.537 28345 .41 a® — 100% 
3525-514. 20 I— IV 3.830 283560.58 — 13334 
15 5 Ill 3.037 28416.62 a°F — 14133 
3512.926. V 4.167 28458 .19 a°F — 15754 
$499. 008... 20 I IV 3.888 28468 .95 aS — 13554 
227 150 5 Ill 3.616 28471 .96 a’ 10854 
3) 
3506.846...... 80 I IV 3.948 28507. 53 14253 
10 IV 3.626 28553.18 — 1113) 
4500. 100 2 IV 4.064 28558 .88 15198 
3493-412 V 4.186 28617 .15 a°F 3 — 16083 
3402). 20 I IV 3.715 28623 .61 12333 
3485 .802...... V 4.020 28679 .62 a®Fos— 14753 
BANS. V 3.973 28705.14 a°F,3— 14433 
3470. 5290...... 60 I IV 3.820 28731 .35 a8 1739) 
15 I— IV 2.942 28734.44 —124°3 
15 I IV 4.090 28767 .64 a°F 1535! 
40 I— V 3.927 28777 .35 a® — 1405) 
3407 100 2 IV 4.212 28827 .89 a°F 3 — 16283 
50 I IV 3.743 28856. 53 12553 
3462 .693. 30 I- IV 4.217 28871.02 a°F — 1638: 
20 2 IV 3.808 28910. 86 a°F — 13655 
V 4.001 28935. 53 a°F 33 — 14633 
462. 30 I IV 3.948 28953 .89 a® Fy — 14293 
| V 3.907 28980.92 — 13,733 
100 I IV 4.240 29057. 23 a°F — 16533 
2436. 610. 10 I IV 3.626 29064.68 — 1113 
100 2 IV 3.9604 29077 .86 a® Fy — 1438) 
80 I IV 3.920 29085 .99 a°F — 13053 
15d I- IV 4.246 29101 .51 a°F.3 — 16653 
40 I IV 3.699 29148. 29 a’ 12253 
426.267". .... V 4.032 29186. 55 14854 
500 8 IV 4.090 29244.12 a® Foi — 15353 
30 I IV 3.715 29274.56 a® — 12333 
40 I IV 3.888 29283 .60 aS — 13553 
100 I IV 3.658 29329. 29 — 11635 
3402.464...... 500 8 IV 4.001 29382.07 a8 Fs — 14631 
250 6 IV 4.063 29430. 36 a°F,3— 15051 
CECT 60 I IV 3.820 29480. 44 Fy3— 17333 
200 4 IV 4.180 29495 .96 a®F3— 15934 
20 I- IV 3.973 29515.71 14431 
20 I IV 29530. 22 
3.920 a° — 13938 
300 8 Ill 14.020f 29530.65 \ a8 Fo — 1473 
600 15 Ill 3.830 29556.36 | 
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TABLE Il—Continued 


INTENSITY 
EP Wave No. CoMBINATION 
CLAss 
Arc Fur 
4398 3908 Vv 3.927 29592.17 a®F — 14053 
20 I— IV 3.898 29590. 51 — 13655 
80 I IV 4.084 29608 13 a°F,3— 15233 
200. 150 4 IV 4.19 29654.46 a°F,3— 16133 
30 I— IV 3.658 29656.09 | —116% 
100 3 IV 3.699 29659.94 | a®Fyy—122% 
200 6 IV 3.992 29669 .go 14533 
3308.568...... 200 6 IV 3.937 29677.71 af — 14153 
33070207 100 2 IV 4.145 29689 . 18 a® Foy — 1555) 
ROT 15 IV 3.948 29768 .74 a®F — 1424) 
150 2 IV 4.053 29804 .96 1494) 
047.908 150 2 IV 4.167 29866. 29 a® Foy — 15753 
5° 4 IV 4.341 29874.75 a°F — 17043 
263), 200 4 IV 4.064 29892 .59 a® Fy — 15158 
$341 .496...... 50 2 IV 3.794 29918.76 | 
2940870. 800 20 Ill 3.920 299206. 35 
200 5 IV 2.073 29906 . 33 a® — 1443) 
150 3 IV 4.240 29988 . 69 a®F43— 16533 
30 I IV 4.032 29997 . 13 a°F,3— 14835 
40 3 IV 4.186 30024. 89 a® Fes — 1608) 
30 I IV 4.361 30031.14 a°F —17143 
800 20 IV 4.090 30101. 16 a®F 53 — 15354 
600d |_ IV 3.898 30110. 44 a®F — 13654 
20 I IV 4.375 30146. 39 1723) 
400 10 IV 3.907 30180. 80 a8 — 13755 
2250 500 15 IV 4.001 30190. 79 af — 14643 
150. 5 IV 3.830 30207. 22 a® — 13334 
420023806. { 4.212 30235.81 a® Foy — 16263 
S805 585. 200 5 IV 4.063 30246. 82 15023 
200 8 IV 30252.87 —124°3 
4. 217 a8 Fos — 16363 
100 5 IV 13.010) 30278 .94 a8 — 138% 
3300.978*..... 100 10 IV 3.920 30285. 36 aS — 1393! 
3205. ..... 300 10 IV 3.845 30332 .82 F — 1347) 
3203.790...... V 4.020 30351 .37 a® Fy — 14753 
43 
100 5 IV 3.992 30355.36 1453) 
$200.390...... 100 4 IV 4.180 30382.82 a°F 33 — 15934 
2286, 538. 60 2 IV 4.084 30418. 42 a°F,4— 1525) 
4986200... 300 8 IV 4.235 30421. 28 a® — 16433 
3965 200 6 IV 3.937 30426.51 a®F33— 14133 
4985.270....... I IV 3.7904 30430. 160 a’ 120971 
200 4 IV 4.246 30509. 31 ab — 16033 
40 IV 3.948 30517.48 14241 
40 I IV 4.199 30541 .20 a°F — 16133 
3992, BOF 200 5 IV 4.145 30546.04 15555 
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TABLE Il—Continued 


INTENSITY 
EP Wave No. COMBINATION 
CLass 2 
Arc Fur. 
4904043 150 4 IV 4.053 30619.61 a® — 14991 
3262.2760...... 100 4 IV 4.112 30044.73 | 
34 
60 IV 4.032 306082 .47 a°F — 1483) 
O30 40 2 IV 4.064 30707 .19 15193 
15 I IV 3.973 30715.2 a’ Fi — 14453 
20 I IV 4.330 30715.72 a°F — 16933 
500 20 III 3.830 30719.02 a8 — 13333 
Oe 40 I IV 4.166 30719.89 a®F 3 — 1569) 
200 12 Ill 4.167 30723. 21 — 1573) 
$960. 392). 200d 4 IV 3-794 30750.86 Fy 
4040: 30 IV 3.898 30701. 41 13635 
20 I IV 3.907 30831 .60 ab 13735 
4248. 100 4 IV 3.992 30840. 23 a°Fy —1453) 
500 20 IV 3.845 30844. 27 a® — 1347) 
6690. 300 10 IV 4.289 30858 . 59 ab Foi — 1688) 
60 2 IV 4.240 30875 .42 a°F 33 — 16533 
4299 .208. 30 I IV 4.186 30881 .94 — 1608) 
100 5 IV 4.063 30932.15 a®Fyi — 15031 
200 10 IV 3.920 30936. 21 13053 
« 400 20 IV 4.001 30945. 51 a® — 1469) 
V 4.250 30954.63 a°F 33 16754 
4398. 784....... 200 5 IV 4.3061 30962.50 a°F 43 — 17133 
5h 
4986850: 300 12 IV 3.937 31077 . 36 a’ 1415) 
| 200 6 IV 4.212 31092.71 ab — 1628) 
128 150 5 IV 4.084 31103.71 a®Fyy — 15233 
15 I IV 4.357 31135-77 — 1638) 
400 15 IV 3.845 31171.02 a Fi} —134%4 
100 3 IV 4.180 31193. 21 a°F — 1503! 
2204. 10 I IV 4.032 31190.45 1482) 
i 150 4 IV 4.235 31278. 32 a®F — 16434 
2188. 716. 30 I IV 4.199 31351.55 — 16133 
200 5 IV 145 31360.69 1553! 
300 6 Ill 31366. 30 
200 5 IV 4.053 31368. 34 a® F33— 14933 
i 200 4 IV 4.064 31456.02 1514) 
100 2 IV 4.166 31534.58 a8 15035 
44609. 250 4 IV 4.167 31537 .88 
4904. 300. 15 2 IV 4.330 31602.54 a°F — 160933 
3162. 140. 80 3 IV 4.176 31614.94 a® Fi — 15853 
4) 
50 2 IV 4.289 31715.16 a’ Fy — 16883 
60 2 IV 4.250 31765.20 a°F,3— 16733 
| 20 I IV 4.112 31844. 33 aS — 15433 
34 
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TABLE IIl—Continued 


INTENSITY 
EP Wave No. CoMBINATION 
CLass 
Arc Fur 
25 I IV 4.235 32092 .95 aS Fy — 16433 
$200. 80 2 IV 4.246 32181 .01 a®F — 16033 
2006-075 25 I IV 4.166 32283. 36 a8 15031 
3095.480...... V 4.361 32295.82 — 17158 
5} 
3088.085... BO: V 4.176 32363 .72 a8 F33— 15853 
SOBA ASG | V 4.375 32411. 26 aS — 17248 
5} 
3084.290...... Vv 4.330 32412.99 a°F,; — 16933 
25 IV 4.250 32450.63 16754 
3076.499...... Vv 4.112 32405.07 aS — 15433 
33 
80 I IV 4.063 32608. 71 a® — 1509) 
sh 
3008.825...... V 4.375 33225 .91 a8 Fy — 1724) 
3} 


levels, all but 3 have splittings between 0.32 and 0.37 cm, a range 
which is within the experimental error. Although numerous combi- 
nations involving b*F, a*D, and a’P fall in this same wave-length re- 
gion, none of them showed sufficient doubling to be included in 
King’s list of resolved lines. This indicates that the splitting is due 
chiefly to the a*H levels and is very nearly constant for all of them. 
The percentages of lines that are recognized as double in King’s list 
but not necessarily resolved, for the various multiplets are: a*H, 87; 
a’G, 71; 85; 72; 85. The combinations involving 
and a°F show very little doubling; most of the lines in the blue and 
violet are quite sharp. 

A comparison between the experimental and theoretical g-values 
is shown in Table III. For the a*F and a°F levels the experimental 
values are accurate within +0.02 for small J-values and within 
+0.03 for large J-values. In general, the experimental accuracy is 
considerably in excess of +0.03 for the levels of the other multiplets. 
The theoretical g-values are calculated from the Russell-Saunders 
coupling formula 

2J (J +1) 
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TABLE III 
EXPERIMENTAL AND THEORETICAL g-VALUES FOR CERTAIN MULTIPLETS 
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J-VALUE 
MULTIPLET 
2 1} 2} 33 43 53 63 73 83 
4.00 2:00 | 1-77 | 1262 | | 
Theory...... —0o.67 1.07 | 1.3% | | | 1.46 
—o.40 | 0.69 | 1.05 | 1.21 | 1.30 | 1.35 
THEORY —1.33 0.93 | 1.26 | 1.37 | 1.41 | 1.44 | 1.46 
Theory...... 4.00 2.00 ©. | 
a’D 
2.85 | 2.06 | 1.81 | 1.70 | 1.64 
8G 
—1.18 0.87 | 2.18 | | I-48 | 1-44] 1°47 
Theory...... —1.33 0.93 | 1.26 | 1.37 | 1.41 | 1.44 | 1.46 | 1.47 
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In view of the probable interaction of a’F and a°F, it is rather 
surprising that the experimental g-values show such close agreement 
with those for Russell-Saunders coupling. For the other terms in the 
table it is not known how much of the difference is due to experi- 
mental error and how much to departure from Russell-Saunders 
coupling. It is believed that the greater part of the difference is due 
to experimental error. The numerous other g-values given for the 
odd terms in Table II cannot be correlated with any theoretical 
values. For these terms the deviation from Russell-Saunders type 
coupling is large. An enlarged reproduction of some of the patterns 
is shown on Plate III. 

An unsuccessful search was made for the °F levels from 4f°(7F)7s. 
If these levels could be found, the ionization potential of singty 
ionized samarium could be estimated. Because of the close similarity 
between Sar and Eu tt as regards relative electron configuration 
energies and the fact that the I.P. of Sa 1'4 is found by the writer to 
be identical with that of Eu 1 (5.64 volts), it is believed that the I.P. 
of Sa 11 is reasonably close® to that of Eu u. Accordingly, the I.P. 
of singly ionized samarium is estimated to be near 11.4 volts. 


CALCULATION OF a®F AND a°F ENERGIES BY 
THE VECTOR-MODEL THEORY 

Merrill’s vector-model theory’ is capable of yielding calculated 
energies for the low levels of 4f°(7F)6s, the energies of the 4f°(7F)6s? 
levels of Sa 1 being used as parameters. These calculations have been 
made by Miss Amelia Frank, of the University of Wisconsin, who 
has kindly forwarded the results to the writer for publication. Miss 
Frank’s results are as follows: 

For the case of Sam equation (2) of Merrill’s paper may be 
written, 


where K and ¢€ are constants and W;,, represents the energy levels 
of Sar. The values of W, are energy levels of Sa 11, in which the or- 
dinary interval rule cannot be assumed. 


"4 Unpublished material. 5 Phys. Rev., 46, 487, 1934. 
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The central pattern in the lower plate includes 16 resolved components 
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The experimental and calculated results shown for this case in 
Table IV are in excellent agreement. 


IDENTIFICATION OF SAMARIUM IN THE SOLAR SPECTRUM 
The identification of several of the elements in the sun and stars, 
particularly the rare earths, is often difficult. In spite of the numer- 
ous lines in rare-earth spectra and the rather high probability of 
chance coincidences, comparatively few wave-length coincidences 
are noted, and in such cases the spectral lines identified as belonging 


TABLE IV 
VECTOR-MODEL RESULTS 


ENERGY ENERGY 
ab} a°F 
Calculated | Experimental Calculated | Experimental 

326.64 326.64 2003 . 23 2003 . 23 
2230.5 2237.97 43 4384.6 4386.03 

K=—220.02, €=1305.56 K=—I1501.14, €=1327.38 


to a certain element must include those due to transitions between 
the most fundamental terms of the atom in question. If this proves 
not to be the case, the suggested identification is entirely fortuitous. 

The analysis gives a physical basis for the identification of samari- 
um in the sun. All the most intense lines due to the fundamental 
transition 4f°(7F)6s— 4f°(7F)-6p are found in the solar spectrum, in 
addition to many others. The identified lines are given in Table V. 
Those that belong to “multiplets” are grouped as such, while the re- 
mainder are grouped under “‘miscellaneous.’’ The solar data for 
wave-lengths, intensities, and solar identifications are taken from 
the Revised Rowland. 
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TABLE V 
LINES OF THE SOLAR SPECTRUM IDENTIFIED AS Sa Il LINES 
r | INTENSITY 
| EP CoMBINATION 
Lab. Sun Lab. | Sun j 
Multiplet No. 1 
832 400 | —3 Sat Ill 2.745 | a8Fy— 833 
4791.584........] .602 | IV 2.677 | a8Fa— 5%) 
msk? Fe IV 3.166 | a®Fer— 448) 
.252 500 | Sat IV 3.033 | a®Fs3— 25%: 
.658 500 | —I Sat-Cr?| III 2.917 | aSFy— 159) 
500 | —2 Sat Ill 2.745 | a8Fu— 8% 
.925 500 | —1 Ti Ill 2.677 | a®Fy— 
4704. 307.252. msk? Fe IV | 2.621 |] — 1% 
200 | —1N | —Sat Ill 3.166 | 448 
msk? Fe III | 3.033 | 25% 
msk? BOOT. Cr Ill 2.917 | 1593 
BEBO. AGO 419 50 | —1 Sat Ill 2.745 | 8% 
BOOG 513 TOO Ill 2.677 | a®Fi — 5% 
Multiplet No. 2 
| 
980 .790 400 I Sat Ill 3.363 | 7553 
400 | Sat III 3.274 | a®Fsi— 5783 
O30 .940 500 | —1 Sat Ill 3.131 | aFy— 38%: 
.528 400 ° Cr Sat Ill 2.869 | 1433 
.086 150 ° CetSat Ill 2.767 | aFu-— 
4648. 000: msk? BOO Cr IV 2.653 | — 294 
Multiplet No. 3 
342 337 500 | —I Sat III | 3.417 | 848 
BACAR .673 200 | —I Sat—Fe III | 3.310 | 643 
.897 300 | —2 Sat III | 3.213 | a®F33— 40% 
|| 527 200 | —I Sat III | 3.122 | 3638 
msk? Fe IV | 3.310 | 64% 
4615.441........] .458 150 | —2 Sat IV | 3.213 | 40% 
msk? Fe IV | 3.122 | a®Fy— 36% 
| 4506.206........ 244 200| —1N | Sat? III | 3.032 | 24% 
.655 150 | —2 Sat III | 2.956 | a°Fis— 18% 
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TABLE V—Continued 
INTENSITY 
Sonam EP CoMBINATION 
| IDENT. CLAss 
Lab. Sun Lab. | Sun 
Multiplet No. 4 
642 200 | —I Sat III | 3.270 | a®°Fa— 5635 
O82 250 ° Ba* III | 3.158 | 
4577.690. 250 | —I Sat Ill 2.941 | a°Fyy— 17% 
4015.690. .722 300 | —1I Sat? III | 2.859 | a®Fi — 13% 
Multiplet No. 5 
600 | —1 Sa* III | 3.270 | 56% 
GAGA BBR | —I Sat-Ti?} III | 3.158 | 4333 
250 | —I Sat III | 3.046 | 2733 
.417 80 | —1N Sat? III | 2.941 | 17% 
42020797: 300 Sar III | 3.270 | 5633 
Multiplet No. 6 
4362.040 .040 300 | —2 Sat III | 3.310 | a®Fei— 6435 
4347.801. msk? BOGE Fe III | 3.213 | a&Fa— 40% 
400 | —I Sat? III | 3.122 | 36% 
4329.016 .053 400 | —I Sat III | 3.032 | a&Fyi— 24% 
4323. 284. msk? CH III | 2.956 | 18% 
Multiplet No. 7 
.249 | 1I500| —I SatCN | IIL | 3.938 | 
.605 | 1500 | —2 Sat III | 3.809 | 
2000: msk? | —Cr III | 3.693 | a®Fy—1212 
3070. mske | 1000 |......<. Fe III | 3.463 | 
S608 mske | Fe— III | 3.409 | a&Fu-— 82% 
3693 .989........ msk? | 1200 ]....... Ni III | 3.338 | — 60% 
Miscellaneous 
AQIZ AAS. .275 IV | 3.166 | 448 
4710: 848. .858 200 | —2 Sat IV | 2.653 | 2% 
4515.094. 109 150 | —3 Sat 
503 125 | —2 Sat III | 2.988 | 20% 


| | 
| | 
| 
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TABLE V—Continued 


| 
INTENSITY 

IDENT. CLAss 
Lab. Sun Lab. Sun i 
Miscellaneous—Continued 
860 100 | —1N Sar III | 3.129 | 37% 
200 | —I TIT | 3.181 | a8 4533 | 

400 | —2 Pr*?Sa*| III | 3.106 | a®Fi — 35% 

+ {3.463 | a°Fy— 803 
654 200 I Sa Ill 13.106 | 343 
100 | —2N Sat III | 3.309 | 633) 
2047 150} —1 Sat III | 3.473 | a®Fa— orgs 
BAB 846 250 | —1 Sa* III | 3.567 | a®Fy—10333 
339 | III | 3.463 | a®F3i— 895) 

3880 300 I Sa ll 13.281 | aFa— sor 
«900 250 ° LatSa+| ITI | 3.154 | a®Fa— 423 
250 | —1N Sat III | 3.388 | 793%) 

33 
2282 300 | —1N Sat III | 3.106 | aFu— 34% 
ROB . 307 200 | —1N Sat III | 3.129 | a&Fiu— 37% 
205 150 | —I Sat III | 3.640 | a®Fa—11333 
800 IN V TIT | 3.521 | 98%) 
2084 600 | —2 Sat III | 3.205 | 473 
3890.080........ .085 IT 3.354 | a®Fyi— 7333 
2885 | —1 Co III | 3.656 | 
900: —IN III | 3.366 | a8Fyi— 76% 
9836-203 200 | —2 V? III | 3.323 | a§Fu— 66%) 
3826.2060........ 209 400 ° III | 3.764 | a®Fy—1279) 
386 300 | —1IN | ZrCN III | 3.610 | 
282 400°} CN? III | 3.616 | a°Fi—108%) 

3} 
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ATOMIC SYNTHESIS AND STELLAR ENERGY. III 
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ABSTRACT 


The present state of the synthesis theory of stellar energy is reviewed. It is shown 
that several features of the author’s original theory have been supported by subsequent 
discoveries, and some difficulties have been removed. The theory must, and to some 
extent already can, be re-worded in terms of present knowledge about neutrons, deu- 
terons, and positrons. It is concluded (1) that a star can probably not contain any large 
amount of free neutrons or deuterons; (2) that it is somewhat unlikely that neutrons 
could be made directly from protons under stellar conditions; (3) that it is apparently 
very likely that deuterons could be made directly from protons. It is suggested that 
laboratory study of the following hypothetical reactions would be possible and should 
lead to the results predicted: (1) H'+-H'>H?-+- p; (2) He4+-H?—>Li®+-7; (3) neutrons in 
the energy range between about 400 and 8000 volts should show somewhere a strong 
selective absorption in noticeably scarce elements, and not in common isotopes of com- 
mon elements. Some experimental evidence in favor of all three predictions is already 
available, but this is not conclusive. Finally, astronomical grounds are adduced for the 
view that at least the bright stars must have some more generous source of energy, in 


addition to synthesis. 

In a previous paper’ an attempt was made to account both for the 
energy generation of stars and for the amounts of the various chem- 
ical elements present in them, on the basis of a theory of nuclear 
transformations. Subsequent discoveries have confirmed the hy- 
potheses adopted, to a considerable extent, but have shown that the 
state of affairs is somewhat more complicated than was supposed; 
However, it still appears very probable that the fundamental posi- 
tion is correct. The assumptions made at that time, and the present 
state of our knowledge in each instance, may be summarized as 
follows: 

1. Synthesis of stable elements by impact of protons: This had 
not been observed in 1931; it occurs, as was assumed, essentially ac- 
cording to the Gamow formula (with occasional “‘resonance”’ excep- 
tions), so that at temperatures of 107 only the lightest elements can 
be affected. The probability decreases very rapidly with increasing 
atomic number and with decreasing temperature, as assumed. 

2. Synthesis by neutron impact: Essentially this process was pos- 
tulated (Process B) as an ad hoc assumption; however, the idea of 


' Atkinson, 4p. J., 73, 250 and 308, 1931 (referred to below as Parts I and I). 
73 
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attributing it to neutrons (which had not yet been actually discov- 
ered) was only very tentatively suggested (Part I of this paper, 
p. 266). It was assumed that the probability increased somewhat with 
increasing atomic number, especially at first (Part I, pp. 265, 289); 
and the possibility that it might also have to vary quite erratically 
with atomic number was envisaged (Part II, p. 344) but was not 
developed, as it seemed unjustifiably complicated for a first attempt. 
In fact, there is a good deal of erratic variation with atomic number, 
at least for very slow neutrons; the systematic increase is apparently 
present,’ but only to a very slight extent. Process B was also as- 
sumed to vary rapidly with temperature, like the Gamow process. 
Under stellar conditions, synthesis by neutrons will in fact do this, 
if the number of neutrons produced varies rapidly with temperature 
(see below, p. 79). 

3. It was assumed (primarily on the ground of simplicity) that 
when an atom is produced it always radiates the surplus energy of 
synthesis instead of disintegrating again with the production of heli- 
um; it then followed from a theory by Gamow that no element 
would be able to supply helium below about atomic number 28. This 
assumption is definitely not correct, and a certain amount of the 
theory is undermined in consequence. It is probably too early to 
attempt to replace this part in detail, since the relative probabilities 
of all the branch processes that may occur in each reaction should 
first be known with some approximation. 

4. It was assumed that electrons can penetrate and remain within 
nuclei if synthesis has made them “electron-hungry.” It is a little 
uncertain whether this process could occur in stars. If the neutrino 
hypothesis is correct, it could occur only if there is a very high den- 
sity of neutrinos present or if neutrino-pairs can be readily formed 
when needed.‘ For all the purposes of Parts I and II of this paper 
(but not for all purposes of the present inquiry) the assumed process 
can be quite adequately replaced by the process of emission of posi- 
trons, which certainly does occur. 

2 Dunning ef al., Phys. Rev., 48, 277, 1935. 

3 With the breakdown of hypothesis (3) the argument that required this increase 
seems to be invalidated. 

4 Bloch and Mller, Nature, 136, 987, 1935. 
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5. It was also assumed that Be* disintegrates with a period of 
about 1o*5 years. On the ground of energy it still seems uncertain 
whether Be’ is in fact stable, or, on the other hand, so unstable that 
it disintegrates almost at once.’ The large amounts of He in Be min- 
erals seem still unexplained unless it is, in fact, unstable but long- 
lived. 

6. Neither positrons nor heavy hydrogen were reckoned with. 

The theory built on these assumptions had considerable success 
in accounting qualitatively (and in places quantitatively) both for 
the types of stars observed and for the amounts of the elements in 
them. However, certain difficulties were noted, of which the follow- 
ing have since disappeared: 

a) The reaction H'+He‘* => was expected to be extremely prob- 
able, in conformity with the Gamow formula; since H' is very abun- 
dant, this involved that He should be very scarce throughout a large 
part of a star’s interior, whereas at the surface it is certainly plenti- 
ful. This difficulty was recognized as serious (Part II, pp. 333-36). 
However, it is possible that neither He nor Li* can exist at all, in 
which case He‘ can react only with H? or H3; these are known to be 
too scarce to detect in stars, and the.e is thus no longer any diffi- 
culty.° 

5 Bernardini and Mando, Phys. Rev., 48, 468, 1935; Bonner and Brubaker, ibid., p. 
742; Oliphant, Nature, 137, 396, 1936. 

® Atkinson, Phys. Rev., 48, 382, 1935. I regret that the figures for ordinates and ab- 
scissas were not printed in the diagram given there. The ordinates are mass excesses 
over the nearest whole number, in “‘millimass’” units; and the abscissas are atomic 
weights. The ordinates run from —6 to +18. More recently Oliphant has given a simi- 
lar diagram (loc. cit.), using revised masses and drawing one curve with sharp minima 
through all points, instead of two curves. He concludes that He’ should exist, and I ad- 
mit that his way of estimating the probable mass excess is probably preferable. How- 
ever, it might perhaps be still better to draw a separate curve for each atomic number, 
in which case, since He® would have to be supposed to be heavier than Li®, it becomes 
just as easy to draw the He-curve high enough to make He heavier than He4+-n as to 
draw it low enough to make He’ stable. In all such cases it is desirable to subtract all 
circumnuclear electrons before plotting masses; in addition to being more convenient 
for those reactions that involve electrons and positrons, it affects the smoothness of 
curves of this sort. However, the argument in the present paper rests not merely on the 
curve but also on the empirical fact that HeS has consistently failed to appear in reac- 
tions, several of which were listed in the above note. If Het+H'~>He5+p were to 
occur at all freely, the annihilation-radiation of the positron could hardly have been 
overlooked so long in solutions of Po in ordinary water. 
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b) The scarcity of atomic weights 20, 21, 22 (Ne) in stars, and 
still more on the earth, was felt to be hard to account for (Part I, 
p. 283; Part II, p. 344). However, Ne is now known not to be scarce 
in stars,’ and its rarity on the earth has been satisfactorily explained.* 

c) It followed from the theory that fluorine should also be abun- 
dant in stars. This has been confirmed.? 

d) For a number of reasons it was felt that fairly large differences 
in the model should exist between different stars (Parts I and II, 
pp. 288-89, 294, 315, 319). There is now a considerable body of 
evidence that, qualitatively at least, this is in fact true." 

The following points also support the general position that syn- 
thesis is the principal source of stellar energy: 

e) The “short-time scale” (10'° years or less) is now almost uni- 
versally accepted. Some arguments in favor of it were summarized 
in Parts I and II (pp. 337-41, 330), and Bok" has recently strength- 
ened several and added to the list. This suggests, though of course it 
does not prove, that the part played by the annihilation of matter is, 
at most, small. In fact, it is still quite unknown whether matter can 
be annihilated at all, in spite of the considerable advances that have 
been made in nuclear technique in most other directions. It is possi- 
ble, though not very satisfactory at present, to refer cosmic rays (or 
some of them) to this source; but since cosmic rays can hardly be 
supposed to have their origin in the centers of ordinary stars, their 
evidence is somewhat beside the point (see also below, p. 83). 

f) Until recently it has seemed that a necessary condition for sta- 
bility in a star, if its energy generation varied rapidly with the tem- 
perature, was the one suggested by Eddington,” namely, that the 
actual liberation of the energy should be delayed, after the synthesis, 
by a time factor that did not depend on temperature and pressure as 
the synthesis did. This was provided automatically in Parts I and 
II (together with a further safety factor [Part II, pp. 331~—33]); but 


7 Boyce, Menzel, and Payne, Proc. Nat. Acad., 19, 590, 1933; Menzel and Marshall, 
ibid., p. 881. 

§ Russell and Menzel, ibid., p. 997. 

9 Boyce, Menzel, and Payne, loc. cit. 

10 Payne, The Stars of High Luminosity, p. 222. 

™ Observatory, 59, 76, 1936. ™ The Internal Constitution of the Stars, pp. 202, 299. 
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hypothesis (3) was essential to this part of the theory, and with the 
breakdown of that hypothesis" the whole theory seemed for a while 
almost hopelessly endangered.'* However, it now appears that, even 
without a delay factor, stars may be stable if the effects of turbu- 
lence are taken into account." 

Thus, it seems that there is now very good reason to continue, as a 
working hypothesis, the idea that stellar energy (and also the rela- 
tive proportions of the elements) is primarily due to protonic and 
neutronic syntheses of the types already observed in the laboratory, 
together with such disintegrations as must occur in that case; it ap- 
pears, however, that little progress can be made until some more ex- 
perimental data are available. Astrophysical advances must await, 
but astrophysical needs may also suggest, further laboratory devel- 
opments; in fact, there are several experiments that have not yet 
been tried and that are apparently not too difficult, for which the 
theory as it stands can with some confidence predict the results. It 
is the purpose of this paper to suggest their importance to those who 
have the facilities to try them. 

First of all, we have obviously to consider the question whether a 
star can contain a large number of free neutrons waiting to take part 
in syntheses. The answer to this question seems to be clearly nega- 
tive. Even if we leave out the fact that certain elements have a very 
high cross-section for capture of slow neutrons (these elements 
might be scarce, and the neutrons will seldom be very slow), all ele- 
ments have fairly high cross-sections, which should vary inversely as 
the neutron velocity and still be high at the temperatures in ques- 
tion. It is easily verified that if the neutrons needed for the next 10° 
years were already present, they would combine with nuclei very 
rapidly; the resulting energy would expand the star and cool it, thus 
increasing the synthesis rate, and the star would simply explode. 

Secondly, we may consider whether known processes can supply 
neutrons (in a regenerative cycle) as fast as they are needed, much 
as He was supplied regeneratively in Parts I and II, and indeed now 
also. This possibility has been affirmed by Walke;" but it seems also 

"3 Cockcroft and Walton, Proc. R. Soc., 137, 229, 1932. 


™4 Steensholt, Zs. f. Ap., 7, 373, 1933- 
's Cowling, M.N., 96, 42, 1935. %© Phil. Mag., 19, 351, 1935. 
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to be inadmissible, unless we assume a very large amount of H? in 
stars. A large amount of H? is, however, almost the same as a large 
number of free neutrons, and would also almost certainly make the 
star explode, besides being in conflict with observation. In the ab- 
sence of a free supply, only those chains of reactions are suitable that 
start with some light atom or atoms, and by incorporating protons 
supply enough neutrons and deuterons for their own use, produce at 
the end some heavier atom or atoms, and incidentally leave the light 
atoms once more free, so that the process can be repeated. No such 
chains are known at present. 

It should be stressed that there are all sorts of processes that occa- 
sionally produce neutrons and deuterons; for example, some reaction 
that emits a fast a-particle may occasionally give a proton such 
energy that it will perform something for which thermal motions 
would never equip it. Such processes cannot play any great part in 
stellar synthesis chains, for they are much too improbable; if every 
chain relied at some point on one such process, and if in only one case 
in a hundred the process failed to operate, the star’s energy would 
very soon be entirely throttled. Thus, if the neutrons or deuterons 
present are numerous enough to last for a long time, they will, in 
fact, be used up in a short time and explode the star; and if they are 
not numerous, they will be used up in a short time anyway. We are, 
accordingly, forced to believe that there must be some hitherto un- 
observed source of neutrons or of deuterons, or of both. 

Evidently they must come from the protons somehow, and we 
shall have to consider the following facts: The mass excesses (over 
the nearest whole number) of the lightest particles, in millimass 
units, are: electron and positron, 0.54; H’, 7.6; n, 9.1; HT", 14.2. 
(These are Oliphant’s latest figures,'7 except that the mass of the 
extranuclear electron has been subtracted in the case of H’ and H’, 
this being more convenient.) Then the reaction H'+e—n is endo- 
thermic to the extent of 0.96 millimass, or 890 kv., and the reaction 
H'+n+p is considerably more so."* If these mass figures are sub- 
stantially correct, neither reaction is possible at a temperature of 
2-107, where the value of kT is about 1700 volts; even for the first of 
the two reactions an adverse factor of e~5°° or so would be involved, 


7 Oliphant, Nature, 137, 396, 1936. 
"§ The symbol # is used throughout this paper to denote positron, not proton. 
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whether we consider the Maxwell distribution of atomic energies or 
Wien’s law for quanta. This is too much to be taken care of by any 
reasonable assumptions about the number of collisions per second. 
Roughly speaking, if the factor were about e~”° it would be right, for, 
roughly, each proton should live an average of 1o'? seconds in spite 
of being hit by an electron 10"° times per second (2.3 X29 =67). The 
exponent can be reduced, of course, either by raising the temperature 
or by reducing the adopted mass difference between proton and neu- 
tron; however, it is questionable whether even the two together 
could account for a factor of more than 7. It is not quite impossible.” 
The probability of the reaction would certainly vary rapidly with the 
temperature, if it occurred at all. 

It might be thought that if a reaction could proceed in two stages, 
such as M+H'>N, N+e>M-+4n, the energy for synthesis of the 
neutron could also be supplied in two stages that would each be 
smaller than in the direct process. In that case the exponent in the 
formula for synthesis probability could be reduced, for each stage, 
by almost half, which would be a great advantage for such large ex- 
ponents. But the waiting period betweeen the two processes would 
be of the order of millions of years or more, unless the second process 
supplied hardly any of the energy; and the atom NV could not exist so 
long unless it were truly stable. If, however, it is stable, it must have 
radiated more than all the energy that the proton brought in as 
kinetic energy, so that we should actually be worse off than before, 
as far as collecting the synthesis energy from kinetic sources is con- 
cerned. The same argument applies to such chains as Li?7+H'=s 
Be**; Be’*+H' > Li'+H’+p (+7); and, in fact, to all cases where 
energy would have to be stored temporarily. Thus, it seems that 
neutrons probably cannot be made directly from protons under 
stellar conditions. 

The direct reaction H*+e-n has been looked for in the labora- 
tory. Livingood and Snell? bombarded a large number of different 
elements, including hydrogen, with 800 kv. electrons, and tested the 
substances afterwards for B-ray activity. The results were all nega- 
tive. If the reaction is possible in the case of hydrogen, it should 


‘9 Bethe’s figures for the masses are somewhat more favorable (Phys. Rev., 47, 633, 


1935). 
20 [bid., 48, 851, 1935. 
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produce (because of conservation of momentum) about 100-volt 
neutrons traveling (at first) in the direction of the electron beam. 
The ideal method would seem, then, to be to mount the hydrogen- 
containing substance on an anticathode of a material sensitive to 
neutrons, and afterward to test the anticathode, not the substance. 
While Livingood and Snell do not seem to have adopted this method 
(though they may have), the fact that they used H,PO, for their 
hydrogen target is perhaps sufficient guaranty that no neutrons were 
produced, since, of course, phosphorus is sensitive to them; but the 
method of testing a sensitive anticathode from behind the hydrogen 
should be more conclusive. However, it seems not unlikely that 
neutrinos are essential to this process, in which case there is probably 
less hope of testing it in the laboratory, and perhaps not much likeli- 
hood that it would often occur under stellar conditions either, even if, 
in fact, the energy is not prohibitive. 

There seems no other way at present of producing neutrons with- 
out a free supply of H’. We may now consider the alternative prob- 
lem of producing H? without a free supply of neutrons (for every H’ 
atom is, ultimately, as good as a neutron for purposes of synthesis 
under stellar conditions). There appears to be only one reaction that 
is of real promise; but, as far as one can see, this one ought to occur 
readily even at the temperatures prevailing in the centers of the cool- 
est red giants. This is the reaction H'+H'=>H?’+p, which is exo- 
thermic to the extent of about 400 kv. and would presumably be 
limited at low energies primarily by the Gamow wall of the proton. 
The positron can almost certainly be expected to escape very easily. 
At a distance of 5-10 '* cm,” the wall has a height, for protons im- 
pinging on protons, of about 300 kv., which is too high to be sur- 
mounted at stellar temperatures, but low enough to allow fairly easy 
penetration, even apart from possible resonance. 

It should not be very difficult to test this reaction in the labo- 
ratory. It ought to occur moderately readily even at only 50 kv.; and 
the annihilation-radiation, together with the 400 kv. that the posi- 
trons would have as kinetic energy, should be distinguishable from 
the effects of any possible X-rays. It might, of course, be difficult to 
get the intensity high enough without vaporizing the hydrogen tar- 
get; probably the best target would be a tube of hydrogen gas. But 


21 Present, Phys. Rev., 48, 919, 1935. 
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although the proton seems to behave unexpectedly in proton im- 
pacts,” there is at least no obvious reason why the reaction should 
not happen often; in general, an irregular behavior in collisions is a 
sign of possible reactions rather than the contrary. Indeed, the trou- 
ble seems almost to be that the probability should be much too high 
at main sequence temperatures. 

One advantage of the synthesis theory in Parts I and II was that 
it automatically provided just two different sources of the helium 
needed to start synthesis; and, while the one source could only be 
kept active at high temperatures, the other could only be kept active 
at low ones. Quite naturally these two sources associated themselves 
with the main-sequence stars and the diffuse giants, respectively; 
their properties were such that a narrow band of stars should result 
(in a Russell-Hertzsprung diagram) for the main sequence, and a 
much less well-defined region for the giants. As things now stand, if 
we could get two different sources of neutrons and deuterons, oper- 
ating at different temperatures, we could perhaps rebuild the theory 
along the same lines again; but at present that does not appear easy. 
It would be achieved, for example, if the reaction H'+e—>n could 
occur often enough at main-sequence temperatures, and if, in addi- 
tion, the reaction H'+H'+H’+p were in some way inhibited at 
these temperatures. Perhaps this is too much to hope, although an 
increase in the mass of H' would go some way toward satisfying both 
conditions. 

However, there are further experiments that may be suggested 
meanwhile. The reaction He*+H?—>Li°+~y must be supposed to be 
the one that will start the synthesis chain now; and it ought to be 
possible to detect the y-rays from, say, a solution in heavy water of 
a radium salt freed from its active deposit (or perhaps of a strong Po 
preparation), if the reaction really occurs. Their energy would be 
about 1.8 mv. An indication that the reaction may well be expected 
can be seen in the work of Pollard and Margenau’ on the scattering 
of a-particles in deuterium, but they seem not to have looked for any 
y-rays. Alternatively, one could fire an intense beam of deuterons 
into fairly high-pressure helium. 

We will now consider what the effect of free neutrons in a star will 

22 Tuve, Heydenburg, and Hafstad, Phy. Rev., 49, 402, 1936. 

23 Phys. Rev., 47, 833, 1935. 
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be. Evidently they will tend to destroy any elements (including in 
this term ‘‘any isotopes of elements’’) with which they can react, and 
to destroy most those which are common and those whose effective 
cross-sections are large. Those elements that have large cross-sec- 
tions will thus be scarce. At first sight this does not seem to fit the 
known facts, since B, Y, Rh, Ag, Cd, Ba, Gd, are not scarce in the sun 
in comparison with their neighbors. These elements are, however, 
sensitive primarily to “slow” neutrons,”4 which means neutrons that 
have passed through some distance of water or paraffin and have 
energies of about 1/30 volt. Wigner and Breit have shown’ that the 
selectivity is probably part of a resonance phenomenon, in which 
there is a true resonance energy with a half-breadth of perhaps 10o—20 
volts, and also, when this happens to occur below about 500-1000 
volts, a high or fairly high probability of capture at thermal energies 
in addition. On grounds of pure chance, the high capture probabil- 
ities observed should usually indicate a resonance somewhere be- 
tween, say, 1 volt and 500 volts (the latter figure is somewhat uncer- 
tain); but they could also indicate (and apparently sometimes do 
indicate) a resonance between o and 1 volt. Since now the energies 
of the neutrons in a main-sequence star are probably of the order of 
1000-3000 volts, it seems a plausible prediction that no element 
common on the earth should show a marked resonance probability 
for capturing neutrons in the range from, say, 400-8000 volts. Scarce 
elements or isotopes, especially if their neighbors are abundant (Sc, 
As, In, I?, Kr?, Xe?, Au?) might be expected to show such reso- 
nance. (They might, of course, show resonance with deuterons; but 
it seems less likely, at any rate for the higher atomic numbers.) 
Qualitatively this prediction seems at the moment to be receiving 
experimental support. It is not easy to get anything approaching 
homogeneity in a beam of neutrons; and as long as the energies are 
above, say, 1000 volts, the chance of hitting a resonance region, if it 
is only 10~20 volts wide, is pretty small. Any indication of resonance 
at energies appreciably above thermal ones is thus likely to be an 
indication of resonance above, but not very far above, say, 500 volts. 
So far such indications have been found mainly with scarce ele- 
24 Dunning ef al., Phys. Rev., 48, 277, 1935. 


25 Phys. Rev., 49, 519, 1936. I am much indebted to Dr. Breit for permitting me to 
read this paper in proof. 
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ments.” It is very much to be hoped that it may become possible to 
get something like homogeneity in a beam of medium-energy neu- 
trons, presumably by reflecting them once only at a suitable angle 
and then filtering with thin filters. Even then, the astrophysical de- 
velopments will require the separation of isotopes before final infer- 
ences can be drawn; but already there seems to be no doubt what the 
situation must be if the present synthesis theory is substantially 
correct. 

Thus, the relative proportions of the elements and isotopes must 
now be supposed to be due in part to marked differences in their 
individual properties (as was feared might be the case in Part II, 
p- 344); but some of the factors in Parts I and II are also probably 
operative. The marked drop in abundance above Z = 28 is probably 
still to be attributed to the fact that somewhere in this range there 
are a group of syntheses that practically always result in disintegra- 
tion, instead of only sometimes. It is still most reasonable, on the 
basis of Gamow’s views about stability, to expect this to occur at 
approximately this atomic number,”’ and almost all of the theory 
propounded for the heavier elements remains valid; qualitatively 
their amounts seem accounted for. 

Finally, it should be pointed out that there are perhaps very grave 
reasons for supposing, after all, that all bright stars rely primarily on 
a much more generous source than synthesis for their energy supply. 
Both observationally and theoretically there is no doubt that stars 
exist which use up their energy at a rate, measured in ergs per gram 
per second, that is many hundreds of times that of the sun, so that 
their total life must be many hundreds of times shorter. The sun’s 
rate could be maintained for about 10" years, if synthesis is its main 
source; presumably about one-thirtieth of this has already elapsed. 
A star of absolute bolometric magnitude —o.5 or brighter could not 
live as long as the earth has lived, unless it had some other source of 
energy besides synthesis (except that the limit may be raised perhaps 
a magnitude for diffuse red stars); and the difficulty gets worse the 


26 J absorbs selectively well above thermal velocities (Moon and Tillman, Proc. R. 
Soc., 153, 476, 1935; Tillman, Nature, 137, 107, 1936). Jn absorbs neutrons trans- 
mitted by Cd (Szilard, Nature, 136, 951, 1935). Au does the same (Frisch, Hevesy, 
and McKay, ibid., 137, 149, 1936). Sc has no selective absorption for slow neutrons 
(Hevesy and Levi, ibid., p. 185). 

27 Part I, pp. 266-70, 276-77. 
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heavier and brighter the star is. It is possible to get around it by 
supposing that heavy stars (and presumably also light ones) are 
constantly being made anew from some diffuse material that con- 
sists .f nearly pure hydrogen; but the idea is not very attractive. 
The small Magellanic cloud, for example, contains well over 2000 
stars brighter than photographic absolute magnitude —3.5. Since 
these are mostly of late type, there is perhaps at least a magnitude 
more to reach the bolometric scale, so that their radiation is four 
thousand times that of the sun; to get their masses we should add 
about another magnitude and extrapolate on the mass-luminosity- 
curve. This gives about 40 sun masses. Thus they cannot be older 
than about 10” years on a synthesis basis. If their number is at pres- 
ent stationary, a new one must be made every four or five hundred 
thousand years; presumably smaller stars are being made at cor- 
respondingly larger rates, even though this is not necessary. If the 
number of bright stars is, in fact, declining, the rate of formation can 
be much less; but it must have become so only recently. Such a large 
number of really new stars is perhaps not impossible in itself; but if 
synthesis is the only factor operative, the differences between hot 
supergiants and cold ones can be attributed only to differences of 
constitution due to varying age, and it becomes almost impossible to 
account for the absence of hot supergiants in the globular clusters 
and in the clouds, or for the absence of red ones in most galactic 
clusters. 

However, even if we admit that the diffuse giants (and perhaps 
the other bright stars as well) have a second and better source of 
energy, as Russell originally postulated,” it still seems most plausible 
to suppose that the relative proportions of the elements in the 
fainter stars (and perhaps in the brighter ones as well) are governed 
largely by the synthesis of heavier elements from lighter ones, with 
continual production of helium, of which part is again used in syn- 
thesis; and the experiments here outlined would then still be likely to 
give the results predicted. 

DEPARTMENT OF PuHysIcs 


RutTGERS UNIVERSITY 
March 23, 1936 


8 Russell, Dugan, and Stewart, Astronomy, p. gt. 
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A REDISCUSSION OF THE ORBITS OF SEVENTY- 
SEVEN SPECTROSCOPIC BINARIES 


W. J. LUYTEN 


ABSTRACT 


The orbital elements for 77 spectroscopic binaries with small eccentricities are 
rediscussed from the point of view of determining the real uncertainties in the pub- 
lished values of e and w. For this reason, too, the Fourier analysis method of Wilsing 
and Russell has been used throughout, since in this method the significant variables 
remain separated. It is thus found that for thirty-three of the binaries analyzed the 
eccentricity is too small to be determinable at the present time, and circular orbits have 
been adopted. For the remaining cases elliptic elements have been retained, even 
though it is felt that unknown systematic errors may well be the cause of spurious 
eccentricities in many instances. 


I. INTRODUCTION 


As compared with the first few decades of spectroscopic binary 
investigations, a definite change in viewpoint appears to have taken 
place in recent years. In the early work the emphasis was largely on 
approximate values of the elements with a view to statistical discus- 
sions concerning periods, masses, eccentricities, and orientation of 
the planes; in recent years, however, this emphasis seems to have 
shifted more in the direction of a greater accuracy in order to investi- 
gate effects due to rotation and reflection, but also for the purpose 
of looking for possible secular changes. Among the latter a rotation 
of the line of apsides overshadows all others in importance, partly 
because of the possibilities it offers for calculating the internal 
density distribution of the stars. The number of stars for which an 
apsidal rotation has been definitely demonstrated is still small—half 
a dozen at most—but for a large number of stars there exist orbits 
determined long enough ago that reobservation at the present time 
or in the near future might lead to valuable conclusions. The orbits 
that could come into consideration are naturally those of short period 
and small eccentricity, but the selection of likely cases where such 
apsidal rotation might be found is hampered by the lack of uniform- 
ity in the early determinations of the elements. 

The chief difficulty lies in the fact that in the least-squares solu- 
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tions used for most of these orbits, either T or w was kept fixed, with 
the result that not only do the calculated probable errors of w or T 
give no indication of the real uncertainty in these elements, but 
often the adopted value for w may differ markedly from that de- 
termined by other and more independent methods. 

In the writer’s opinion the fault lies mainly in the fact that the 
usual least-squares solution—that of Lehmann-Filhés or its modi- 
fication by Schlesinger—is not really applicable to orbits of small 
eccentricity. Of all the methods found in the literature, it appears to 
the writer that only one is free from objections, namely, that origi- 
nally proposed by Wilsing and modified by Russell. In this method 
all five variables are completely independent of each other and hence 
the errors found are genuine errors. The elements as usually given— 
viz., y, K, e, w and T—can then be very simply calculated, but it 
is immediately seen that JT and w are strongly dependent. For this 
reason the writer feels that T is not suitable as an element in the 
case of orbits of small eccentricity, but should be replaced by some 
more appropriate epoch such as the time of nodal passage, which 
can be given with much greater certainty than 7 and is almost 
wholly independent of w. 

Moreover, the usual practice has been to select any arbitrary 
epoch as 7—often the time when the earliest plate was taken, and 
many years before the mean epoch of observation. Strictly speaking, 
the error given for such a T is not the real error, for the latter should 
include the cumulative uncertainty in P and may thus be much 
larger. Giving the elements referred to the mean epoch of observa- 
tion, moreover, simplifies the interpretation of secular changes. For 
these various reasons it was decided to calculate elements anew for 
all orbits with e<o.1, not, of course because the published elements 
were thought to be in error, but chiefly for the purpose of establish- 
ing all elements on a uniform system in which T is always meant to 
be the instant when the primary passes through its ascending node 
(maximum velocity of recession), on or about the mean epoch of 
observation. Moreover, as will be seen from the detailed discussions 
given below, special considerations entered into the case of many 
individual stars—such as the possibility that a wrong period had 
been used. 
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2. DESCRIPTION OF THE METHOD 


The Fourier-analysis method of Wilsing and Russell has been 
fully described by the latter, but the practical application of it 
naturally leads to difficulties which require some comment. In 
order to make the calculation of the elements as uniform as possible, 
the observations were always plotted against the mean anomaly, 
and the plot extended over two full periods; a free-hand curve was 
then drawn—likewise through the two full periods, which would 
insure correct readings uninfluenced by a truncated curve at the end 
of an interval—and values for the velocity were read off at twelve 
equidistant points. When the observations were very numerous or 
their scatter considerable, it sometimes became necessary to take 
the means first and to plot such normal places. Sometimes the pub- 
lished normal places were used directly and elements were calculated 
from them. Since these normal places are almost never equidistant 
in phase, the calculations then become enormously more compli- 
cated, but several trials convinced the writer that this extra labor 
is rarely justified and that the values for the elements thus obtained 
do not constitute a real improvement over those found by the simple 
graphical reading. 

If the twelve velocities are read off the curve and are represented 
by Vo, - - V330, respectively, then, in Russell’s nota- 
tion, we have for any V, 


Vo=7t+S: sin 06+C, cos 0+S, sin 20+C, cos 20, 
from which follows immediately in the present case 


_ 2Vosin 26 


=V sin 


12 6 


Gn 


20 


Since 6 only takes on values which are multiples of 30°, the trigono- 
metric functions involved only take on the values 0, +0.50, + 0.866, 
or +1, and hence the entire calculation of the elements can be done 
mentally and consumes less than half an hour. 
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In addition to this substantial saving in time, the Wilsing-Russell 
method offers the further advantage of a rapid calculation of the 
errors of the elements, which in this instance are real errors. 

In this connection it may first be mentioned that the writer’s ex- 
perience has been that the use of weights for either individual obser- 
vations or normal places usually has such a trivial effect upon the re- 
sulting elements that for the sake of convenience all weights may 
well be taken equal to unity (with rare exceptions). The first step is 
always the calculation of the error for a single plate, which has to 
be done for any method. In the usual notation this is given by 


i= 
Here the writer sees no reason to multiply o by the factor 0.6745 
in order to obtain that horrible misnomer—the probable error. This 
factor has significance only if one is certain that the normal law of 
error is satisfied, and this is almost never the case in actual practice. 
And even then the root-mean-square deviation o has at least as 
much justification as the halfway error p. The chief practical argu- 
ment for the use of the probable error appears to be that it is smaller, 
but in the writer’s opinion this is a serious drawback. To almost 
anyone the statement e=o0.017+.014 (p.e.) will convey a better de- 
termination of the eccentricity than e=0.017+0.021 (m.e.), although 
actually they are identical. 
Assuming the ideal case, where all ” individual observations are 
evenly distributed over the entire curve and all are of the same 


weight, we immediately have o, =¢,/ Vn, while the mean errors of 


all other quantities (S,, C,, S;, and C,) are equal to o,V 2/ Vn; hence 
this also equals the mean error of A,(=K) and A,. Since in all cases 
under consideration e is small, and e=A,/A,, we find further 


[2 
o = . 
n 


and 


. “2 (in radians) . 


the 


| 

| 
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In actual practice we never have the ideal case; moreover, the 
derivation of errors tacitly assumes that they shall be infinitesimals 
compared with the quantities themselves—a situation which is never 
realized. Owing to the first objection, the actual error of y usually 
remains nearly equal to that given here, that in K may sometimes 
be even smaller, and those in e and w are invariably larger, especially 
in the case of double-lined binaries where a large proportion of the 
observations fall at or near the velocity extremes. The effect of the 
second objection is hard to correct for, but its chief importance is 
that the real error of w is much larger than that calculated. To take 
a concrete example: Suppose that we find S,=+1.7+1.3; C,= 
—0.9+1.3, giving A,=2.0+1.3 and indicating an uncertainty of 
66 per cent in A, and hence also in e. But no one will believe that 
the real uncertainty in w amounts to only 38°, on the contrary, our 
experience tells us that the orbit is so nearly circular as to defy de- 
termination of either e or w. In the writer’s opinion, all orbits in 
which the mean error of e amounts to more than 50 per cent of e 
itself, should be regarded with suspicion but in what follows all 
orbits in which a single determination indicated e=o@, have been re- 
tained as elliptic. 

3. MATERIAL REDISCUSSED 

A beginning has been made by rediscussing all orbits with e less 
than o.1 published in the Lick Observatory Bulletins, the Publications 
of the Allegheny Observatory, the Publications of the Dominion Obser- 
vatory and the Publications of the Dominion Astrophysical Observa- 
tory, as well as a few other, special cases. 

The following table contains data for seventy-seven binaries, 
comprising most of those having a published eccentricity of less 
than o.1. For some of the remaining stars revisions of the orbits 
have already been given by the writer. For only one star, TV 
Cassiopeiae, an originally circular orbit is here suggested to possess 
a measurable eccentricity, where for thirty-three originally elliptic 
orbits the rediscussion indicates that the eccentricity is too small to 
be determined from the observations. While, in general, only the 
values of e and w derived by the writer have been given, it should 
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TABLE I 
Star m | Sp. Reference 

Gas 0:13.9+58:35] 7.41 Bo| + 1.2 +1.5 |D.A.O., 2, 141, 1922 
2. aw Cas 37-9+46:29] 5.0] A5| +12.4 +0.8 {D.O., 4, 135, 1917 
ee ¢ And 42.0+23:43] 4.3] Ko] —23.6 +0.40 |Cape Ann., 10, 8, 35 
Aes y Phe 1:24.0—43:50| 3.4] K5| +26.0 +0.20 |L.0.B., 9, 116, 1918 

f—12.6 +0.58 |D.O., 3, 113, 1915 
S23 6 Tri Cr | 2:06.6+29:50] 5.5| Go| —19.1 +0.8 |D.A.0O., 2, 129, 1921 
6 Tri ft 06.6+29:50] 6.7| —19.8 +1.2 {Jbid., p. 129, 1921 
oe 8 Tri 10.8+33:46] 5.1] Go] — 5.8 +0.10 |L.O.B., 11, 131, 1923 
9. .| Boss 613 36.2+67:24] 5.8] A2] + 4.3 +0.6 |D.A.0., 4, 313, 1930 
RZ Cas 39.9+69:13} 6.4] Ao} —39. +1.4 |A.0., 3, 137, 1914 
Ari 43.7+17:03] 5.3] + 8.0 +0.85 |D.O., 4, 69, 1917 
12..| HD 19820 | 3:06.2+59:11| 7.1] B5| — 4.1 +1.0 |D.A.0., 4, 67, 1927 
13..] HR 976 09 .8+34:19| 6.4] +24.1 +0.8 6, 79, 1932 
14. .| Boss 809 26.9+39:34| 5.8] Ao}| + 2.8 +1.0 |lbid., 4, 43, 1927 
<9 4:14.1—34:02| 3.6] Bo} +17.8 +0.56 |L.0.B., 8, 168, 1915 
16..} HR 1401 21.9+72:20] 6.0} As| + 9.0 +0.8 |D.A.0., 4, 316, 1930 
17. d Tau 30.2+ 9:57| 4.4] A3| —29.0 +0. A.O., 3, 93, 1914 
18. .| HD 29376 32.5+ 7:07] 6.9] B5| +25.6 +1.5 |D.A.O., 6, 59, 1932 
19. .| Boss 1082 33.0+52:54| 5.3] Ko] —40.5 +1.2 |D.O., 4, 175, 1918 
20..| HR 1528 42.8+ 32:25] 5.9] +20.3 +0.8 |D.A.O., 6, 82, 1932 
Ori 45.9+ 5:26] 3.8} +23.3 +0.45 |A.0., 1, 107, 1907 
22. a Aur 5:09.3+45:54| 0.2| Go| +30.2 +0.14 |L.0.B., 1, 32, 1901 
y Ori 21.6+ 3:00] 4.5] B2| +12.0 +1.6 |ApJ., 28, 266, 1908 
24..| Boss 1452 46.0+59:52] 5.3} Ao] — 3.7 +0.9 |D.A.O., 3, 159, 1924 
25..| 136 Tau 47.0+27:35] 4.5| Ao] —17.2 +0.9 |D.O., 2, 119, 1915 
26..) 45 Aur 6:13.6+53:30] 5.4 — 1.3 +0.7 |D.A.0., 3, 189, 1925 
27..| HD 44701 18.0— 3:14] 6.6] B5|} + 8. +3.0 |Ibid., 6, 70, 1932 
28. .| +6:1309 32.0+ 6:13] 6.1] +23.9 +1.7 |Ibid., 2, 147, 1922 
29..| 19 Lyn 7:14.7+55.28] 5.6] B8| + 6.0 +1.5 |D.O., 4, 235, 1918 
30. 63 Gem 21.8+21:39] Fs | +24.4 +1.8 |D.A.O., 3, 225, 1925 
31.. o Gem 37.0+29:07] 4.3] Ko} +45.8 +0.55 |D.O., 1, 263, 1911 
32. .| Boss 2463 9:06.4+61:50| 5.2} F8}| —15.0 +0.48 |D.A.O., 2, 205, 1923 
43. m Vel 47.8—46:04| 4.6] G5| +11.0 +0.25 |Cape Ann., 10, 8, 53, 

1928 

34..| 19 LMi 51.6+41:32| 5.2] F5| —10.7 +0.35 |D.A.0., 3, 194, 1925 
35..| HR 4535 11:44.1+16:48| 6.0] A2| —24.0 +0.50 |/bid., 3, 331, 1926 
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TABLE I—Continued 


P K e n 
19812635|22642.287+ .007} 87.3 + 2.0 |.024+.021/203+50/21] 6.7 
3. 17.7678 |220127.45 .of | 25.9 £0.56) 47 
4..-| 193.79 19544.92 + .05 
1.73652 |20616.102+ .o1o] 12.1 + 0.&5 |.121+.066/136+38/85| 5.5 
5 2.3403 .03 Ir +.08 |1g0+40}..| 6.0 
2.2) ES 
6 14.732 |22567.057+ wet 043 + .025 5 6.4 
) 
2.2365 |22653.719+ .008 95-4 25] 5.8 
0.92912 |23378.407+ .028 8.82+ 0.14 |.050+ .017} 16+19)23} 0.46 
2.53036 |25319.979+ .006] 55.1 + 0.8 271 3:0 
1.19525 |19526.909+ .007| 69.1 + 2.0 10.8 
3-854.  .033] 24.9 1.2 |.07 2.05 } 
f141.6 + 1.2 |.099+.010]/300+5 |22] 3.6 
. 3.36090 |24561.916+ .007 + 5.0 15.3 
5.54348 |26482.721+ 62.0 + 1.4 |.038+.025| 3.4 
0.91718 |23384.954+ .002] 94.9 1.4 |.027+.015/238+33]29] 5.1 
I o105 |17836.144+ oral, 63.7 + 0.80| 020+ .013/116+ 
5.0105 39-1442 . 64.8 + 0.80f 3 3-4 
4.195 26034.645+ 31.3 = 4.6 18] 3.0 
{ 74.2 + 0.53) 
20... 7.0507 |26420.600+ .028) 57.7 + 1.2 031+ .021/278+38/21| 3.4 
9.5191 |18275.65 + .034] 25.8 + 0.6 |.033+ .023/165+40/36) 2.6 
104,02 14761.76 + .13 25.78+ 0.20 |.016+ .008]}120+ 30/31] 0.73 
4:2) 
23...| 2.52588 |17960.362+ .008 + .055 + .016|180+ 17/37] 10.0 
24.. 2.93317 |23176.160+ .008} 76.2 + 1.3 |.040+.020) 30+30/25] 4.5 
26... 6.5013 |23459.153+ .026] 31.6 1.0. 28) 3.5 
1.19033 |25478.323+ .005 + f 04 +.02 | 32428]19] I1.0 
f2o7 + 2.3 | 
049/947 +30.0 | 035 + .013/187+ 22/30) 8.5 
2.25960 |22601.018+ 100-4 042+ .020 146 + 
64:6 2:6 39| 7.2 
19.605 18962.43 + .07 34:3; Ox77 > 38) 3.3 
32...| 16.2382 |22863.284+ .o50] 34.8 + 0.62 |.090+ .030/169+19/24] 2.4 
33...| 329.30 23500:5. 0.95 56) 1.4 
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Star Sp. Reference 
30. .| Boss 3138 11:55.8—19:06 B3 4 
37. .| Boss 3182 12:07.5+78:10 As| + 0.3 +1.0 |Jbid., 43, 320, 1916 
+ 6.4 +0.8 
38. .| Boss 3511 13:30.3+37:42 Fo 4 6.6 +0.8 >|D.0., 4, 223, 1918 
+ 6.2 +0.8 
80... 6 Lib 14:55.6— 8:07| 4.8] Ao} —44.9 +0.7 |A.0., 1, 123, 1909 
40..| HR 5702 15:15.4+32:54 A2} —25.8 +1.1 1027 
41..| TW Dra §:32.4+64:14 As| — 0.1 +1.3 |Ibid., 1, 145, 1919 
42. CrB 35.6+36:58 B8} —32 +3.0 |Ibid., 3, 179, 1925 
43. a Sco §2.8—25:50} 3 B2 66,257, 5627 
44. 6 Dra 16:00.1+58:50| 4 F8 +0:30 |L.0.B., 4, 156, 1907 
45. o? CrB 10.9+34:07 Go 
46. e Her 56.5+31:04] 3.9] Ao 2% 1010 
47..| TX Her 17:15.4+42:00] 8.1] A5 +750: 2,207, 1920 
48..| HR 6506 23.2+34:47| 5.9] Bo +o0.40 |Ibid., 3, 307, 1925 
49.. w Dra 37-5+068:48] 4.9] F5 +0.24 |L.0.B., 4, 163, 1907 
50..| HR 6611 39.8+14:27| 6.1] Aj +1.8 |D.A.O., 4, 81, 1928 
51..| Boss 4507 44.4+47:39| 6.3} Ao +0.4 |Ibid., 1, 125, 1919 
52..| Boss 4622 18:13.0+56:34| 6.4] Fo +0.9 |Ibid., p. 307, 1921 
53..| 112 Her 48.0+21:18] 5.3] Bo +o0.28 |L.0.B., 13, 49, 1927 
54.-| 50 Dra 49.6+75:19] Ao +o0.8 |D.O., 4, 364, 1920 
50.5+22:32| 4.6} Go +o.12 |L.0.B., 7, 106, 1913 
56..| HD 176853 57.1—10:52| 6.7) Bs 4, 75,-1027 
57..| Boss 4870 19:03.0+41:16] 6.1] B3 +o.36 |Ibid., 2, 173, 1922 
58..| HR 7267 04.2+16:42| 6.5} 3,230, 1625 
59. .| Boss 4876 04.4+38:46| 7.5} A3 +1.8 |Ibid., 6, 7, 1930 
60. RS Vul 13.4+22:16] 7.4] B8 +0.7 |Ibid., 1, 141, 1919 
61. U Sge 14.4+19:26] 6.8} Bo +1.2 |ApJ., 71, 336, 1930 
62 2 Sge 19.8+16:45| 6.0} Ao +o0.7 |D.O., 4, 54, 1917 
63..| HD 185936 36.5+13:35] 5.8] B3 (2 21.3: 11; 1030 
64. gy Aql 51.5+11:09] 5.3) A2 .o +0.8 {Ibid., 2, 179, 1922 
65. .| Boss 5173 20:06.4+ 26:36] A2 .o +1.0 |D.O., 4, 199, 1918 
66..} 22 Vul I1.2+23:12| 5.4] G5 9 0:35 |D:A.0., 3, 201, 1924 
67..| HD 193536 15.6+46:00] 6.3] Br 253 4,103; 1928 
68. . a Pav 17.7—57:03} 2.1] B3 -0 +0.25 |L.0.B., 4, 154, 1907 
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TABLE I—Continued 


T 
P K e w n 
36 ‘3 2.96310 |21002.68 + .016/ 116 + 3.6 |.063+ .030/212+27/31]...... 
2.96310 |26435.67 + .o13 3.0 |.039+ .025 
| 2.613 |21416.195+ .05 | 10.0 + 1.2 38] 4.6 
1.61100 |21416.762+ .05 = Oe 38] 4.7 
| ©.723228/21416.573+ .05 Q:4 2.2 38] 5.1 
30. 2.32735 .007) 76.3 1.1 048+ .016] 30+ 20/60} 4.7 
40...| 3.5753 |24455-641+ .o17| 58.5 + 1.4 |.071+.030| 304+25/29] 4.6 
2.80654 |22122.10 + .o12} 65.4 + 1.8 053+ .028] 96+30/14] 4.8 
+ | 
1.571 25042.437+ 135 °° + f 054+ .033] 91+35/48] 22.0 
61.0 + 2.0 60} 9.0 
= | 
46... 4.90235 117947.242+ .0O14 eg: + f 023+ .021/138+ 50/72} 8.4 
2 + 1.4 14] 3.9 
48...| 5.9182 |23821.683+ .025| 25.0 + 0.58 |.024+.024| 28+60/35]} 2.2 
5.27968 |17385.871+ .008] 36.1 +0.35| Oo 26| 1.1 
2.82424 |22137.553+ .056/ 60.2 + 0.7 1.9 
2.0476 |22621.461+ .003|/ 104-9 037 £ £ 22/60 
6.3624 |23905.389+ .024) 17.7 + 0.40 |. 106+ .024|198+ 15/35 1.5 
51 245-3 18709.73 + .35 16.0 + 0.17 |.116+ .o11/171+6 |30]} 0.6 
8 + f150. + 2.6 6.4 
62... E.03080 |29350.182 .008} 12.1 0:54] 45| 2.4 
58...| 4.812  |24154.400+ .020)) o50+ .020) 5725/23 
1.54039 |24900.725+ .005 88.7 + 2.8 23} 6.0 
60... 4-477325]12136.795+ .o10 1176. +15.0 f Gr 
3.38058 |25003.010+ .028) 66.7 + 1.7 43| 16.0 
63... 2.4968 |25001.647+ .016] 47.3 + 1.8 |.052+.037| 85+45|70| 8.0 
66...] 251.0 23333: 24  .75 26.8 a7\ ¥.6 
07 +.03 [110+ 25/34] 11.7 


} 

| | | 

} 

} 
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TABLE I—Continued 
1900—Position 
Star 3 m | Sp. Reference 
69..| Boss 5442 21:04.4+29:48] 5.6] Ao| —27.0 D.A.O., 2, 183, 1922 
70..| HR 8170 17.2+39:55] 6.5] F8| +o0.40+ 0.35 |Ibid., 1, 113, 1919 
71..| Boss 5579 38.4+40:37| 5.5| Ao] —25.5 +2.0 |Jbid., 3, 324, 1926 
6 Cap 41.5—16:35] 3.0] As| — 5.0 +0.8 |Ap.J., 54, 127, 1921 
Peg 22:02.4+24:51| 4.0] F5| — 4.1 +0.15 |L.0.B., 2, 169, 1904 
2 Lac 16.9+46:02| 4.7} B5| — 9.0 +1.0 |A.0., 1, 93, 1909 
75..| HR 8584 27.0+29:02] 6.3} A5|} + 1.0 +0.6 |D.A.0., 6, 203, 1933 
76..| Boss 5996 23:13.7+41:13] 5.9] A3| — 4.9 +0.6 |D.O., 4, 83, 1917 
77..| Boss 6070 32.6+16:17] 6.2} Ao| —27.3 +0.36 |D.A.O., 3, 163, 1925 


NOTES TO TABLE I 


. TV Cassiopeiae. Plaskett remarks that, whereas the photometric observations indi- 


cate some eccentricity, this is not apparent in the spectroscopic observations—a 
state of affairs contrary to that usually found. My own rediscussien gives e=0.024 + 
.021, w= 203° + 50°; and while I am far from convinced that e is real, yet it appears 
larger than for RS Vulpeculae, where Plaskett considers it conspicuous. With the 
values given here, secondary minimum (principal star in front) should occur thirty- 
six minutes earlier than the halfway point. McDiarmid (Princeton Contrib. No. 7) 
states that his secondary minimum occurs seventeen minutes early. More observa- 
tions, especially simultaneous photometric and spectroscopic observations, are ur- 
gently required. 


. n Cassiopeiae. Harper finds e=0.010+.010, w=45°1+0°%4 (T fixed); but with such 


an extremely small eccentricity only a circular orbit appears justified. 


. ¢ Andromedae. Cannon finds e=0.037+.032, w=182°22+1°%9 (T fixed). Jones 


gives e=0.017+.020, w=80°60+11°7, and points out that the great divergence 
in w is due to the fact that Cannon kept T fixed. Jones thus adopts the Cape value 
for w as final, but overlooks the fact that the Ottawa value was derived from a 
preliminary graphical solution and cannot, therefore, be wholly rejected. The un- 
certainty given for the Cape value of w is probably a mistake, for, if the error in e 
is larger than e itself, w must be wholly indeterminate. My own calculations give 


€=0.039 + .032, w=135°+50° (Ottawa) 
€=0.005+.022, w= 34° (Cape) . 


It is clear that only a circular orbit is justified. The times when the primary passes 
through the ascending node at mean epoch are found to be J.D. 2420389.0¢ _- 09 
(Ottawa) and J.D. 2422876.50+.06 (Cape). Since 140 cycles have elapsed, the 
period is 1747678 + 010008, as given in the table; the value of 7 given is a “weighted 
mean” of the two determinations. 


. y Phoenicis. Wilson gives e=0.005, w= 267°; but from the errors given we calcu- 


late that the mean error of the second harmonic is 0.28 km/sec, or larger than the 
quantity itself. My own values are e=0.008+.016, w= 220°, and a circular orbit 
should be adopted. 


|| 
| 2 
| 


ORBITS OF SPECTROSCOPIC BINARIES 95 


TABLE I—Continued 


P K e n 
69... Elements too uncertain 
70. 3.2434 |21921.598+ .005| 62.0 + 0.7 |.023+.013/350+ 30/16] 1.4 
92... 1.02275 |21424.847+ .004] 65.4 + 1.0 68] 5.7 
2.34092 |26938.992+ .005) 80.0 + 3.0 |.023+.013] 27+30/28] 3.4 
3.2195 |21136.841+ .070) 73.6 + 0.84 |.036+.012| 41+20/40) 3.7 
77...] 11.2298 |23796.041+ .032) 27.0 + 0.54 2.2 
| 
5. a Trianguli. Harper derives P=1174 and e=o.12, but since the scatter of the 


10. 


If. 


12, 


observations is large, the two alternative periods should be investigated. The 
shorter of these, P=04700, appears to be unsatisfactory, but the longer, P= 293413, 
appears to represent the observations tolerably well, even the first Lick observa- 
tion. It leaves a residual of +15 km/sec in the last Lick observation, but since this 
is less than some of the Ottawa residuals in Harper’s solution, the longer period 
is not necessarily ruled out. A graphical solution yields the elements given; future 
observations will have to decide between these alternative periods. 


. 6 Trianguli (Br). Harper’s published error for e is probably a misprint, and should 


read 0.02 instead of 0.002; the error in w must likewise be much larger than 14°. 
The errors given here have been calculated from that given for a single plate. 


. 6 Trianguli (Ft). Harper gives e=o.010+.015 and I believe a circular orbit should 


be adopted. 


. 6 Trianguli. Pearce finds e=0.059 + (p.e.), w=19° + 1°10 (p.e.), but the latter 


should read 11°, thus making the probable error of T 0430 instead of 04004 as 
given. My own values are e=0.046+.017, w=13°5+23°. 


. Boss 613. Harper gives e=0.014 +.013, w=0°93+0°72 (T fixed). My own values 


are e=.010+.025, w=129°, hence a circviar orbit has been adopted. 

RZ Cassiopeiae. Jordan finds e=0.052 + .037, w=154°7+30°. My own values are 
€=0.044+.031, w=195°+38°. Rejection of all observations within P/8 of light 
minimum does not materially alter these values; and although from photometric 
observations we have every reason to believe that the eccentricity, if any, must be 
less than 0.01, yet we must accept the spectroscopic values for the moment. 

x Arietis. Young adopts e=0.042+.037, w=78°27+32°, but remarks that e= 
0.10, w=105°, would fit almost as well. My own values are e=o0.080+.048, w= 
102° + 36°. 

HD 10820. Pearce gives e=0.1019 + .O11, w=300°78+5°0. My own values, calcu- 
lated for each component separately, are 


€=0.090 + .009, w= 305°5+6°%0 
secondary......... €=0.102+.011 w= 97° +12°. 


If averaged, these would yield e=0.093 + .o10, w= 300° + 6°. 
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13. HR 976. Harper gives e=0.040+.027, w=90°66+1°4 (T fixed). My own values 
are €=0.035 +.025, w=60°+ 38°. 

14. Boss 809. Harper finds e=0.082+.047, w=32°47+3°7. A new solution yielded 
€=0.070+ .044, w=17°+34°. The unusually high value of 9.6 km/sec for the mean 
error of a single plate, together with the extraordinarily large mass function, suggest 
that the wrong period was used. Of the two alternatives, that equal to 14094 gave 
even worse residuals, but P=o4g917 immediately showed promise. Adjustment 
then gave 0491718 as the best value for the period, and there seems little doubt but 
that this is substantially correct, the mean error for one plate now having dropped 
to 5.1 km/sec. 

15. vy Eridani. Paddock gives e=o0.014+.010, w=124°20'+ 40°. My own solutions 
yield the following: 


€=0.020+ .013 w= 77°+38° (primary, 4481) 
€=0.055 + .043 w= 227°+ 30° (primary, Hy) 
€=0.032+.013 w= 308° + 25° (secondary, 4481) 
€=0.043 +.040 w= 232°+55° (secondary, Hy). 


It is clear that the measures of //-y do not add anything to the knowledge obtained 
from \ 4481; if means are taken, we get 


€=0.025+.010 w= 108° + 23°. 


There seems to be no alternative but to accept the elliptic orbit, even though the 
fact that this rests upon the measures of but a single line on thirty-nine plates 
causes considerable hesitancy. 

16. HR 1401. Harper gives e=0.043 +.052, w=18°90+1°8 (T fixed), but his values 
for T probably should read 2425950.989 instead of 2415950.989. My own calcula- 
tions give e=0.051+.045, w= 273°, and, accordingly, a circular orbit has been 
adopted. 

17. 88d Tauri. Three orbits are available: by Wilson (Lick Obs. Bull., 7, 104, 1911), 
by Harper (Pub. Dom. Obs., 1, 113, 1911), and by Daniel (Pub. Allegheny Obs., 3, 
93, 1912); the values adopted are derived as a mean of all three. It does not seem 
to have attracted attention that Harper has measured lines of the secondary on 
several plates and has derived the mass ratio m./m:=0.47 +.04. 

18. HD 29376. Pearce finds e=0.076 + .020, w= 2°38+4°7 (primary). My own values 
are 


€=0.053+.022 w= 15°+25° (primary) 
e€=0.089 +.012 w=165°+ 8° (secondary), 


A mean would be e=0.078 + .018, w= 353°+15°. 

19. Boss 1082. Cannon finds e=0.019+ .062, w= 285°+63°4, which values give con- 
vincing evidence for the unreliability of the usual least-squares method, for if the 
mean error of e is more than three times as large as ¢ itself, w is wholly indetermi- 
nate. A circular orbit must be adopted. 

20. HR 1528. Harper derives e=0.033 +.016, w= 289°66+17°. My own values are e= 
0.029 + .021, w= 266° + 38°, and with some hesitation the eccentricity has been re- 
tained. 
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a, Orionis. Baker gives e=0.027 + .020, w=152°27+1°%1 (T fixed); my own values 
are €=0.038 + .023, w= 167° + 33°. 

a Aurigae. Reese gives e=0.0164+.0082, w=117°3+27°, but Merrill recalculates 
e=0.0086 (Ap. J., 56, 40, 1922). My own values are e=0.0159+.008, w=121° 
+ 30°, practically identical with those of Reese. There appear to be no recent 
observations of this binary, and it is not possible, therefore, to investigate Merrill’s 
interesting suggestion of a motion of the line of nodes. Where the radii of the stars 
are of the order of 1/20 of their separation and there seems to be no third body of 
comparable mass present, observable perturbations appear highly improbable. 

y Orionis. This is one of the most promising cases for finding a rotation of the line 
of apsides. Plaskett gives e=0.0651+.0165, w=184°71+1°04, but the real error 
in w is clearly much larger. My own values are e=0.052+.016, w=172°+17°, 
and the approximate value of w= 180° should perhaps be adopted. The Third Cata- 
logue of Spectroscopic Binaries states that Baker’s observations at Allegheny indicate 
a mass ratio of 0.76, but I have been unable to find anything beyond a statement 
that both spectra have been observed. Harper (Pub. Dom. Obs., 4, 344, 1919) has 
remeasured thirteen of Plaskett’s spectra and finds the mass ratio to be 0.63 +0.02. 
Boss 1452. Harper gives e=0.030+ .024, w=359°25 (T fixed); my own values are 
€=0.045 +.022, w= 39° + 26°. 

136 Tauri. Cannon finds e=0.0217 +.021, but a recalculation yields e=0.005 + .030 
and a circular orbit has been adopted. 

45 Aurigae. Harper calculates e=0.019 + .039, w= 330°60+ 61°10. My own values 
are €=0.024+.031, w=130°. It is clear that a circular orbit should be adopted. 
HD 44701. Pearce gives e=0.036+.016, w=9°+19°. My own calculations, made 
separately for each component, yield 


y=+7.8+2.8. €=0.077+.024. w= 352°+ 20°. (primary) 
=—9.1+5.5 €=0.051 + .030 w= 193° + 35°. (secondary). 


but it is clear that only approximate values for the elements can now be adopted: 
if systematic errors cause the large difference between the two values of the systemic 
velocity, e may well be as large as 0.06, but if an average is forced through, this is 
naturally lowered somewhat. 

+6°:1309. Plaskett gives e=0.035+.013, w=181°95+3°8 (T fixed). My own 
values are €=0.035 +.013, w=187° + 22°. 

19 Lyncis. For the primary, Harper finds e=0.076, w= 126°11; my own values, ob- 
tained by using also Pearce’s later observations at Victoria, are e=0.042+.020, 
w= 146° + 28°. Although the free-hand curve exhibits no conspicuous eccentricity, 
it would perhaps be safer to adopt this latter value. 

63 Geminorum. Harper gives e=0.002+.025, w=104°84+1°5 (T fixed), and a 
circular orbit seems indicated. 

a Geminorum. Harper gives e=0.022, w= 330°15'+1'03’, but from his published 
errors we find e sin w=0.38+0.77, e cos w=0.65 +0.77, and a circular orbit has ac- 
cordingly been adopted. 

Boss 2463. Young gives e=0.090 + .030 and frora this we calculate that the mean 
error of w must be of the order of 20° instead of 10°. 

m Velorum. Jones finds e=o0.019+.019, w=341°48+1°4 (T fixed), but only one 
observation—and that an isolated one, taken thirteen years before the bulk of the 
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others—falls in the interval from M=go° to M = 221°, or more than one-third of 
the period. The decrease in velocity after positive maximum is clearly indicated 
by the observations, but the same cannot be said of the part of the curve just pre- 
ceding minimum. Consequently, a circular orbit should be adopted. 
34. 19 Leonis Minoris. Harper gives e=0.048+.030, w=351°09+ 22°42. My own 
calculations yield e=0.043 +.033, w=96°+44°; with this large discrepancy in w 
and the large uncertainty in e, a circular solution should be adopted. 
35. HR 4535. Petrie gives e=0.018+.027, w=61°45 + 23°52, but w really should be 
indeterminate. My own values are e=0.025+.024, w=83°+55°, and a circular 
solution should be adopted. 
36. Boss 3138. Cannon first determined the orbit, but his period was subsequently 
shown by Struve to be erroneous (Pop. Astr., 36, 411, 1928) and new elements were 
derived by Van Arnam (Ap. J., 75, 348, 1932) using new Yerkes observations. My 
own values, derived separately for the Ottawa and Yerkes observations, are 


vy=+6+2, K=116+3.6, €=0.063 + .030, w= 212°+ 27° (Ottawa) 
y=+8+2, K=118+3 , €=0.039+.025, w= 280°+ 4o° (Yerkes). 


It would be unwise to ascribe reality to the difference in w, but the star does merit 
further observation. 

37. 4 H Draconis. A circular orbit was derived by Lee, but subsequently Voikevitch- 
Oculitch (Pulkovo Bull., 10, 26, 1925) found e=0.07 My recalculation gave: 


€=0.03 +.02. w= 266+ 40° (Yerkes) 
e€=0.06+.04. w= 24+40° (Pulkovo) 


The large differences and uncertainties point to the conclusion that a circular orbit 
is all that is justified. From the two values for the primary’s nodal passage 2420- 
284.900+.005 (Yerkes) and 2420822.542+.007 (Pulkovo), we derive a value of 
19271022 + .000020 for the period. 

38. Boss 3511. Harper finds P= 1461100 and e=0.054, but the scatter of the observa- 
tions is so large that we calculate a mean error of 0.110 for e, hence a circular orbit 
may well be accepted. Inspection of the residuals for the individual lines en each 
plate indicates that the mean error of an average plate should be about 2.3 km/sec, 
whereas the O—C from the curve indicates 4.7 km/sec. Consequently, other periods 
may be tried, viz., P:= 246130 and P;=04723228. Which of the three orbits listed 
—if any—is the true one can only be decided by continuous observation on succes- 
sive nights, or by observation in different longitudes. 

39. 6 Librae. Schlesinger derives e=0.054+.018, w= 29°2+1°5 (T fixed), and calls at- 
tention to a discrepancy of at least an hour between the observed time of eclipse 
and that calculated spectroscopically. My own values are e=0.041+.015, w= 
32°+109°. If all observations lying within P/8 of light minimum are disregarded, 
we should get e=0.028, but the present spectroscopic observations evidently do not 
permit a circular orbit. 

40. HR 5702. Christie gives e=0.079+.033, w=245°+22° (T not fixed). My own 
values are e=0.064 + .030, w=37°+ 24°. 

41. TW Draconis. Plaskett derives e=0.054+.028, w=go° (assumed). My own calcu- 
lations give e=0.053 + .028, w=96° + 30°. With only fourteen observations and with 
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w and e near to the values which they have for u Herculis and 6 Librae, we strongly 
suspect that the orbit is in reality circular. 

¢? Coronae Borealis. Plaskett gives e=0.030+.027, w=go° (assumed), but com- 
ments upon the broad and fuzzy lines and the consequent large errors for a single 
plate, of the order of 20 km/sec. Separate calculations for both components give 


€=0.025 +.033 w= 148° (primary) 
€=0.045 + .043 w= 334° (secondary). 


It cannot be denied that the plot of the observations carries a faint suggestion of 
eccentricity which is amply borne out by the closely concordant values for wx. 
Yet because of the large uncertainties in e and P and the discrepancy with Plaskett’s 
value of w, the writer feels that a circular orbit should be adopted. 

a Scorpii. Struve and Elvey give e=0.05, w= 90°, using a preliminary solution only, 
owing to the great scatter of the observations. With the high value of K and the 
short period, one would expect apsidal rotation to become apparent in a short time, 
in which case it is important to know the uncertainties in e and w. My calculations 
give e=0.053 + .033, w=91°+35°. 


. 6 Draconis. Curtis finds e=0.0141+.0166, w=126°112+58°6 (p.e.), but where 


even the probable error of e amounts to more than roo per cent, it is only by 
courtesy that an error can be attached to w; actually, it is wholly indeterminate, 
and the orbit is plainly circular. 

a? Coronae Borealis. Harper gives e=0.081 +.005, but this is probably a misprint 
since, with an error of 5 per cent in K, that in e should be 60 per cent or 0.050. My 
own values are e=0.065 + .026, w=4° + 23° (primary), and e=0.006+ .024, w= 247° 
(secondary). If a mean is forced through, we get e=0.033+.025, w:=7°+ 42°, still 
very far from Harper’s, and I believe, therefore, that a circular orbit should be 
adopted. 

Herculis. Baker finds e=0.023+.024, w= 180° (assumed). My own values give 
€=0.023 +.021, w=138°+50°. The elliptical solution appears to possess a certain de- 
gree of stability and has been retained, although the writer is far from convinced 
of its reality. The mean error of 50° for w gives no adequate expression of the real 
uncertainty in w, of course. 

TX Herculis. Plaskett considers the orbit circular; separate solutions give e= 
0.050+.012, wi1=96°+15° (primary), and e=0.023+.029, w.=108° (secondary), 
indicating that a circular orbit is the only justifiable one. 

HR 6506. Christie finds e=0.031+.016 (p.e.), w=35°74+5°33 (p.e.), but if the 
uncertainty in e amounts to more than 50 per cent, that in w must amount to 
about 30° instead of 5°, and that in T to P/12 or 0449 instead of 04064 as published. 
A new solution gives e=0.017+.024, w= 21°, and if we retain an elliptical orbit 
at all, it is plain that w must be extremely uncertain. 

w Draconis. Turner has made four different solutions, finding values of e ranging 
from 0.006 to 0.01071 and of w ranging from 319°50’ to 342°59’. The accepted value 
of w is given to 0/1, but it is clear that even the quadrant is uncertain. My solution 
gives e=0.015+.010, w=310°+ 38°, but, considering that the second harmonic 
amounts to only 0.56+0.35 km/sec, I do not feel that anything beyond a circular 
orbit has been established. 
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50. 


51. 


52. 


53: 


54. 


55- 


56. 


57: 


58. 


61. 


HR 6611. Petrie finds e=0.027+.023, w=74°29+55°. My own values are e= 
0.015 +.029, w:=4°, but the few observations of the secondary indicate a marked 
eccentricity of about 0.08 with w,= 240°. In view of this, an elliptical orbit may 
perhaps be retained with reservations, but it is far from certain. 

Boss 4507. Harper gives e=0.017, w= 30°, but from the published residuals we find 
that the mean error of a single plate amounts to 2.0 km/sec, bence that in e will be 
0.012. A circular solution with y= —27.1, K =60.2, appears to give even smaller 
residuals than those of Harper. 

Boss 4622. Harper gives e=0.039+.012, w=195°10+0°52 (T fixed); my own 
values are e=0.031 +.013, w= 211° + 22°. 

112 Herculis. Meyer finds e=0.116 + .025, w= 195°53+8°7; my own values are e= 
0.096 + .024, w= 200°+ 15°. 

50 Draconis. Harper finds that either w= 115° or w= 203° will give a good fit, but 
finally adopts e=0.012+.013, w=107°6+13°3. My own values are w:=304°, 
w.= 357°, but if a mean is forced through, e=0.021+.015, w=217°+50°, and a 
circular orbit should be adopted. 

113 Herculis. Wilson determines graphically e=0.12, w= 169°5, but gives no errors. 
My values are e=0.116+.011, w=172°8+6°. 

HD 176853. Pearce gives e=0.033 + .016, w=156°16.+17°5 I find e=0.074+.017, 
w=165°+14° (primary), e=0.007+.019, w=300° (secondary). Forcing a mean 
through, we find e=0.041 + .017, w= 163° + 23°. In view of the discrepancy between 
the values for the two components, I do not feel too sanguine about the reality of 
the eccentricity; yet this value, almost identical with that of Pearce, appears to be 
several times larger than its mean error, and it has therefore been retained. 

Boss 4870. Boothroyd gives e=0.015 + .013, w= 20°02+ 147°, and it is evident that 
a circular orbit only is justified. Where the period is so close to one day, the alterna- 
tive value of 0497 should perhaps also be investigated. 

HR 7267. Harper finds e=0.073 + .025, w=59°16+1°65 (T fixed). My own calcu- 
lations give e=0.051+.022, w=21°+23° (primary), and e=0.046+.026, w= 
270° + 32° (secondary); if averaged, we obtain e=0.037+.022, w=55°+35°, only 
the latter being close to Harper’s value. 

Boss 4876. Harper gives e=0.008+.027, w=142°8+1°5 (T fixed); where the 
second harmonic is thus seen to equal 0.72+ 2.8 km/sec, it is clear that a circular 
orbit should be adopted. 


. RS Vulpeculae. Plaskett claims that “it is at once seen that the orbit is not cir- 


cular” and derives e=0.053 + .022, w= 236°26+1°25 (T fixed). Krat has repeatedly 
tried to derive a rotation of the line of apsides from this, but I have shown that the 
uncertainties are far too great. A new calculation gives e=o0.018+.020, w=178°, 
hence a circular orbit has been adopted. 

U Sagittae. Fowler finds e=0.035 +.018, w= 44°14+45°; Joy gives e=0.035, w= 
260°. My own recalculations yield e=0.031 + .028, w=50°+ 50° (Allegheny), and 
€=0.062+.054, w=285° +50° (Mount Wilson), K, being 66.7 km/sec in both 
cases. Joy has derived a periodic term in the light-elements, but I have given 
reasons for believing that this is not warranted by the observations (Pub. U. of 
Minnesota Obs., 2, 41, 1935). Where eighteen hundred periods have elapsed be- 
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tween the Allegheny and Mount Wilson observations, it thus appears that the 
difference in w cannot be real, and consequently a circular orbit has been adopted. 
2 Sagittae. Young finds e=0.05, w= 332°6, but gives no errors and comments upon 
the uncertainty in w. Recalculation gives e=0.020+.020, w=15°, and a circular 
orbit should be adopted. Young derives K,=1.40K;, but where a few observations 
lie far enough from the nodes as to make their inclusion in a single normal place for 
each node cause a decrease in K2, a curve was drawn through them, which gave 
K,=1.47K;,. 

HD 185936. Hill derives first w= 60°, later e=0.056+.040, w=95°7+52°; my own 
values are e=0.048 + .037, w=75°+45°. 

¢ Aquilae. Harper finds e=0.055 +.033, w=56°0, but from the mean error in e 
we find that that in w must be of the order of 30°. My own calculations give e= 
0.035 +.034, w=52°+56°, which throws considerable doubt upon the reality of the 
eccentricity, and a circular orbit has been adopted. 

Boss 5173. Harper gives e=0.012, w=103°15 (T fixed); from the published error 
for a single plate we find that the mean error in e amounts to 0.025, hence a circu- 
lar orbit is indicated. 

22 Vulpeculae. Harper gives e=0.042+.022, w=121°+1°4 (T fixed); I find e= 
0.058 + .020, w=145°+ 21°. 

HD 193536. Plaskett gives e=0.0978 + .020, w= 103°17+2°6 (T fixed). My calcu- 
lations indicate e=0.076+.030, w=113°+23° (primary), and e=0.004+.040 
(secondary). It is evident that the uncertainty is much greater than indicated by 
Plaskett’s errors. 

« Pavonis. Curtis gives e=0.01, w= 224°80; from the O-C given we find that the 
second harmonic amounts to only 0.07 +0.3 km/sec, and hence a circular orbit is 
indicated. 


Boss 5442. An orbit was derived by Young, who considers the period of 343137 
established even though, perhaps, the observations cannot be represented by simple 
elliptic motion. Where the observations were mostly obtained at about the same 
sidereal time, the two alternative periods might be tried. These should have 
values of about 1443 and 04767, but it was quickly seen that for both the fit is 
even worse than that for 343137 adopted by Young. Inspection of the data shows 
that on seven nights two plates were taken, while on July 20, 1921, no less than nine 
plates were secured. The internal deviations of these plates indicate a mean error 
for a single plate of 6 km/sec, whereas the residuals from the curve yield 10.5 
km/sec. Considering further the decidedly systematic run of the residuals and the 
fact that two of these amount to 21 and 25 km/sec, respectively (almost as large as 
K itself), the writer feels that the orbit cannot yet be considered as even approxi- 
mately known, and should not be included in catalogues intended for statistical 
analysis. 

HR 8170. Plaskett gives e=0.0223 + .013, w=357°55 (T fixed); my own values are 
€=0.025 +.013, w= 349° +30°. The eccentricity has been retained in the catalogue 
although it is far from certain, especially in view of the paucity of observations. 
Boss 5579. Harper finds e=0.033 + .025, w= 256°0+ 2°0 (T fixed). Where the two 
components are nearly equal in strength, have equal values of K and almost equal 
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72. 


73- 


74- 


75: 


76. 


77- 


mean errors for a single plate, the stability of the solution may be tested by deriving 
elements for each component separately. We thus find: 


K,=110.9+3.5 €=0.063 + .032 229° + 29° (primary) 
2=108.5+3.5 €=0.026 + .032 w2= 189° (secondary). 


The disagreement in w is violent; if an average is forced through, we get e=0.023 
+.025, w= 250°, but, on the whole, a circular solution seems preferable. 

6 Capricorni. Crump finds e=0.019+.012, w=149°057+0°69 (T fixed), but the 
probable error of a single plate should read 3.8 km/sec instead of 2.75 as published, 
which increases the mean errors of e and w to 0.016 and 50°, respectively. My own 
solution gives e=0.014+.016, w=159°, and a circular orbit is indicated. 

« Pegasi. Curtis gives e=0.0085 + .006, w= 251°807+ 2°04 (T not fixed). The error 
in w is presumably a misprint since, when the uncertainty in e amounts to 70 per 
cent, that in w should be of the order of 40°. My own calculations give e=0.007 
+.005, w= 282°+35°; but since the second harmonic amounts to only 0.34 +0.23 
km/sec, a circular solution seems the only safe alternative. 

2 Lacertae. Baker gives ¢=0.015+.012, w=180°+0°%9 (T fixed). Owing to the 
comparatively long interval when the lines are blended and the consequent uncer- 
tainty in the fixing of y and hence of e, the writer feels that a circular orbit should 
be adopted. 

HR 8584. Harper derives K = 79.2+0.8, e=0.016+.012, w=30°1+0°6 (T fixed), 
while Albitzky finds K=84.8+1.2, e=0.0309+.013, w=49°4, although values of 
28°91 and 17°95 have also been considered. My own solutions give e=o.022 
+.012, w=30°+30° (Victoria), and e=0.028+.014, w=22°+30° (Pulkovo), with 
essentially the same values for K as before. The agreement for e and w is as good 
as may be desired, and inspires confidence in their reality, but the large discrepancy 
in K is puzzling, for the larger value is derived from the Pulkovo plates with their 
much longer exposures. Ascending node passages give 


2,426,932.629 + .o05 (Victoria) and 
2,426,705.560 + .o05 (Pulkovo), 


indicating P = 2434092 + .00007. 

Boss 5996. Young gives e=0.0365+.010, w=40°5+11° (7 not fixed), but since 
the mean error of a single plate is given as 3.7 km/sec, we calculate that the mean 
error in e should be 0.012, and hence that in w around 20°. 

Boss 6070. Smith finds e=0.037+.016, w= 236°80+ 20°60. My own values are 


€=0.050+.019, w= 264° + 20°. 


be emphasized that in each case a full calculation of all the elements 
was made, but the differences in y and K were rarely significant 
enough to be mentioned. 


4. DESCRIPTION OF THE CATALOGUE 


Table I has been divided into two parts, the left-hand page giving 
such information as concerns the star as a system: serial number, 
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designation, position for 1900, apparent magnitude, spectral class, 
and systemic velocity, as well as a reference to the source of the ob- 
servations. The right-hand page contains the data characterizing 
the star as a binary, and gives, in order, the serial number, P, 7, K, 
e, and w in the usual notation. Except for the period, all elements 
are given with their mean errors; 7 denotes the instant when the 
primary passes through the ascending node at the mean epoch of 
observation. The last two columns give the number of observations 
and the mean error of a single plate. In the case of double-lined 
binaries a second line gives values of K and oa, for the secondary 
component. 


UNIVERSITY OF MINNESOTA 
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LINES OF NEUTRAL OXYGEN AND CARBON 
IN THE SPECTRA OF NOVAE 


DEAN B. McLAUGHLIN 


ABSTRACT 


From published wave-lengths of lines in several novae and from measures of Ann 
Arbor spectrograms it is shown that absorption lines of Or and C1 are common in the 
early stages of nova spectra. Lines of O 1 occurred in three absorption systems of Nova 
Geminorum (1912), in at least two systems of Nova Aquilae (1918), in Nova Ophiuchi 
No. 4 (1919), in at least one system of Nova Cygni (1920), and in at least three systems 
of Nova Herculis (1934). Nova Pictoris showed no evidence of Qt. Lines of C1 oc- 
curred in possibly two absorption systems of Nova Geminorum, in but one of Nova 
Aquilae, in Nova Ophiuchi No. 4, are suspected in Nova Cygni, and were found in two 
spectra of Nova Herculis. 


Absorption lines of neutral oxygen were identified in the spectrum 
of Nova Herculis at Ann Arbor in December, 1934, a few days after 
the first spectrograms were obtained,’ and were independently 
identified at the Yerkes Observatory’ and at Cambridge.3 Lines of 
neutral carbon were identified at the same times by the Yerkes and 
Cambridge observers. Results of a search through the literature and 
of the examination and measurement of a number of Ann Arbor 
spectrograms of novae are given below for several of these objects 
separately. In all the tabulations except those referring to Nova 
Herculis, the mean wave-lengths of close blends will be given in the 
columns of identifications, instead of the individual lines composing 
such blends. 


NOVA GEMINORUM (1912) 


Wave-lengths measured by Wright‘ are given in Table I. Suc- 
cessive columns contain the measured wave-length, a correction for 
velocity of the absorption system (indicated in parentheses), the 
corrected wave-length in absorption II or III, respectively, the 
identification as O 1, and other possible identifications. 


* McLaughlin and Petrie, Pub. A.A.S., 8, 118, 1935; McLaughlin, Pop. Asir., 43, 
267, 1935. 
2 Struve and Morgan, Pub. A.A.S., 8, 124, 1935. 
3 Stratton and Beer, W.N., 95, 432, 1935. 4 Lick Obs. Pub., 14, 48, 1926. 
104 


THE SPECTRA OF NOVAE 105 


No lines due to C 1 were measured by Wright, but Stratton’ found 
two lines which were probably due to that element. They are given 
in Table II. 

The Ann Arbor one-prism plates of Nova Geminorum taken 
March 13 show mainly an absorption spectrum; only H6 shows 
faint emission. The absorption lines were very ill defined and broad, 
but the general composition of the spectrum resembled that of 


TABLE I 
OXYGEN IN NOVA GEMINORUM (WRIGHT) 
Corr. A 
MEAs. A Corr. O1, Las. Oruze 
IDENT. 
Abs. II Abs. III 


* Wright suggests identification of measured \ 6130 as d 6149 in a Cygni (Fem) but remarks: “The 
a Cygni line is too weak to lend much support to the identification.” 


TABLE II 
CARBON IN NOVA GEMINORUM (STRATTON) 
CORRECTED A 
C1, Las. OTHER IDENT. REMARKS 
Mar. 15 Mar. 16 
62.41; 66.62 | Till 64.0 | Notin a Cygni 


a Cygni. The hydrogen lines, however, were obviously double; a 
strong, well-defined component with a velocity of — 530 km/sec was 
flanked by a fainter, rather diffuse line giving a velocity of —310 
and — 380 km/sec at Hé and Hy, respectively. Several lines of Tz 1 
were similarly resolvable with difficulty. To avoid confusion arising 
from a renumbering, the absorption of smaller displacement will be 
called “absorption O,” since the designation “absorption I’ has 
been applied by Stratton to the stronger, more displaced lines. On 


5 Ann. Solar Physics Obs., 4, Part 1, 38, 1920. 
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March 15 the emission bands of hydrogen and Fe 11 had emerged 
and the absorption spectrum was much better defined. Most of the 
lines were single, though broad; and the spectrum resembled that of 
e Aurigae. Several strong lines of Tir gave a velocity of —500 
km/sec (absorption I), while Hy gave velocities of —630 km/sec 
for its stronger component and —460 for a very faint one. Later 
stages of the spectrum have been adequately described by Stratton 


TABLE III 
OXYGEN IN NOVA GEMINORUM 
Mar. 13 Mar. 15 MAR. 22-25 
Abs. O Abs. I Abs. I | | 
v=—370 v=—530 v=-—500 v=—800 v=—1400 
I.A. LA. 1.A. LA. iA. 
3947.3 (o)].........-] 3948.5 (2)| 3947.8 (2)| 47.5 bl 
68 . 30 bl 77 II 
4967.3 (1)| 4968.2 (0)| 4969.0 (0)| 4970.9 (1)} 68.1 bl 
TABLE IV 
CARBON IN NOVA GEMINORUM 
Mar. 13 Mar. 15 
Abs. O Abs. I C1, Lab. Remarks 
RA; I.A. 
4763.0 (2) 4763.2 (4) 62.41 bl 77 
72.5 (3) 71.72 


and Wright. Wave-lengths determined by the writer (corrected for 
velocity) are given in Table III for O1 and Table IV for C1. Esti- 
mates of intensity are given in parentheses. The data appear to be 
conclusive in favor of the presence of lines of O 1 and C 1 in the early 
stages of Nova Geminorum. 


NOVA AQUILAE (1918) 


A brief description of the early spectrum of this nova is desirable. 
The Ann Arbor plates taken June 9 (at light maximum) show an 
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extremely diffuse absorption spectrum of the a Cygni type. Close 
examination shows that a number of lines were actually double, 
giving velocities of about —1240 and —1390 km/sec. These will be 
designated absorptions I and II, respectively. On June to faint 
emission bands of hydrogen had appeared and the absorption spec- 
trum was much more clearly defined. The dominant system was 
absorption IT, a well-developed, strong spectrum of class cF'5 closely 
resembling e« Aurigae, though with somewhat diffuse lines. The 
velocity of this spectrum had increased to —1440 km/sec. Some 
lines, notably those of 77 1, Ca 1, and hydrogen, had components 


TABLE V 
OXYGEN IN NOVA AQUILAE 


JUNE 10 JUNE 11-12 
JUNE 9 
Ass. I-II O1, Las. REMARKS 
L.A. Abs. II Abs. III Abs. II Abs. IIT 
LA IA L.A 

3946.72(1)..| 7.32(3) | 7.50(4) | 7-45 (3) | 7-33 (4) | 7-5 bl 
4308.27(2)..| 8.56(3) | 8.01 (2) | 8.14(3) | 8.60(2) | 8.30 bl Ti 11 
4970.2 (1)..| 9.47(2) | 9.65 (2) |.......... 8.40(2) | 8.1 bl 
0.5 (3) | 8.8t(4)| 9.7 bl 
7.5 7.6 (4) | 7.0 Dbl 


* Not observed on this date. 
+ Absorption III component of \ 5329 blends with absorption II component of Fe m 5317; the line ob- 
served is too strong to be entirely due to Fe m1. 


at —1320 km/sec, doubtless a remnant of absorption I. This com- 
ponent was especially strong and sharp at the K line. A third spec- 
trum, absorption III, consisting of lines of hydrogen, Fe u, and 
Ca Il, was conspicuous and gave a velocity of —2215 km/sec. On 
June 11 the emission bands of hydrogen and of Fe 11 were conspicu- 
ous. Absorptions II and III gave velocities of —1510 and — 2200 
km/sec, respectively. The absorption I component had disappeared 
from the hydrogen lines, but was still present at the K line. On June 
12 thé velocity of absorption II had increased to —1570 km/sec; 
that of absorption III was sensibly unchanged. 

Wave-lengths determined from these plates are given in Table V 
for O1 and in Table VI for C1. These have been corrected for the 
velocity of the system to which they are referred. 
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Lines of O1 were definitely present in absorptions II and III, 
and perhaps in I. With the exception of \ 4368, none of these lines 
are otherwise accounted for. Ne lines of C 1 could be found on June 
g. Attention is called to the increase of all C1 wave-lengths from 


TABLE VI 
CARBON IN NOVA AQUILAE 
June 10 June 11 
Abs. II Abs. II C1, Lab. Remarks 

2.70 (3) 2.41 bl Ti 11 

ee 6.39 (1) 5.89 
3.56 (1) 2.00 bl Ba It 


June to to 11, corresponding to a change of velocity relative to the 
spectrum as a whole. A similar positive drift of the lines of C 1 was 
noted in Nova Herculis. Nova Aquilae definitely did not show lines 
of C1 in absorption ITI. 


NOVA OPHIUCHI NO. 4 (1919) 


In Table VII the wave-lengths of lines measured by Wright® are 
given. They were corrected for velocity as tabulated by him. 


TABLE VII 
OXYGEN AND CARBON IN NOVA OPHIUCHI NO. 4 
Corr. A Ident. Wright’s Ident. Remarks 

OT 8.30 Ti II Much stronger than in a Cygni 

CI 0.00, 1.72 | Unidentified 

O1 8.1 bl * 


* Wright did not measure A 4969, but it is visible on the reproduction of the spectrum given by him. 
Measurement on this reproduction gives the wave-length closely enough for assurance as to the identifica- 
tion. 


NOVA CYGNI (1920) 


The Ann Arbor plates of this star are being measured in detail by 
Mr. R. B. Baldwin. No determinations of wave-lengths are available 
as yet, but examination of the plates shows faint diffuse absorption 


6 Op. cit., p. 14. 
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at \ 3947 and d 4969. The line \ 4368 was decidedly stronger than 
in a Cygni, indicating contribution from O1. In the visual region 


} TABLE VIII 
OXYGEN IN NOVA HERCULIS 
JAN. 12 
j Dec. 18 DEC. 31 JAN. 18-24 
Ass. I Ass. II Ass. IV we 
v=—176 y= —318 Abs. IIL Abs. IV v= 
LA. 1.A. v=—564 v=—718 —710-820 
I.A. LA. I.A. 
4308.42 (3)...... 9.0 (3) | 8.30, bl Ti 11 
4968.82 (2)...... 8.8 (1) 7.2(1) | 7.40, .86, 8.76 
| 8.8 (1) 8.7(1) | 8.53, bl Siu 
6157.7 (4)...... 8.8 (5) 5-9(5) | 5.90, 6.78, 8.20 
bl. Fe 11 
* Not measured on this date. 
TABLE IX 


CARBON IN NOVA HERCULIS 


Dec. 18 Dec. 31 
Abs. I Abs. II C1, Lab. Remarks 
2.60 (4) 2.41 bl Ti 
5.67 (2) 5.89 
2.55 (2) 2.00 Cuts off emission Fe II 4924 
1. 24 (2) 1.66 bl Sz I 
2.24 (2) 2.16 
0.32 (3) 0.24 bl Ti 11 


* Not measured on this date. 


the O 1 blends at \ 5329 and \ 6157 were conspicuous on August 24, 
and they admit of no other identification. Lines of CI were not 
strong; \ 4772 was very probably present. . 
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NOVA PICTORIS (1925) 


The extensive measures of this spectrum by Jones’ contain no 
lines which can be attributed to either O1 or C1. Of the six novae 
here discussed, this is the only one in which the lines of these ele- 
ments were deiinitely absent or too weak to measure. We note, how- 
ever, that both these elements were most conspicuous in the earliest 
stages of the other novae, and that Nova Pictoris escaped discovery 
for a month after it reached the third magnitude. 


NOVA HERCULIS (1934) 


The identifications of O1 and C1 in the spectrum of this nova, 
already referred to, apply only to the absorption spectrum before 
light maximum. In Tables VIII and IX the wave-lengths determined 
by the writer are given. These have been corrected for velocity. 

It is seen that O 1 lines were present in absorptions I, II, and IV, 
and probably in III; lines of C I were present in absorptions I and 
II. Some C1 components in absorption IV have been suspected, 
but their establishment would require higher dispersion. 

Of the six novae for which sufficiently extensive data are available, 
five are conclusive in showing lines of O 1, four definitely show C 1, 
and that element is strongly suspected in a fifth star. The conclusion 
seems warranted that strong lines of these elements constitute a 
typical peculiarity of the spectra of novae in their earlier stages. 

THE OBSERVATORY 


UNIVERSITY OF MICHIGAN 
March 7, 1936 


7 Cape Obs. Ann., 10, Part 9, 1931. 


REVIEWS 


Handbuch der Astrophysik, Vol. VII: Ergdnzungsband. Edited by G. 
EBERHARD, A. KOHLSCHUTTER, and H. LUDENDoRFF. Pp. ix+755. 
Figs. 110. Berlin: Julius Springer, 1936. Unbound, RM. 126; bound, 
RM. 129. 

The six original volumes of the Handbuch appeared at intervals be- 
tween 1928 and 1933. Some of the earlier monographs are complete 
only to the year 1927. The supplementary volume is intended to bring 
the articles up to date, giving all new developments in astrophysics 
as far as the end of 1934. The literature of 1935 has been reviewed but 
incompletely. 

With very few exceptions the contributors have remained the same as 
in the original volumes. Dr. K. F. Bottlinger and Dr. R. H. Curtiss, both 
deceased since their articles appeared, are now replaced by Dr. H. von 
Kliiber (colorimetry) and Dr. Fr. Becker (classification and description of 
stellar spectra). Four other original contributors were prevented by other 
duties from participating in the new volume; Dr. A. Brill’s articles on 
“‘Spectrophotometry”’ and on “‘The Temperatures of the Stars’’ have been 
brought up to date by Dr. H. Briick and Dr. W. Becker, respectively. 
Dr. Henroteau’s subject, “‘Double Stars,” is now covered by Dr. W. Rabe. 
Dr. Bengt Strémgren has written the chapters on ‘“The Thermodynamics 
of Stars and the Pulsation Theory,” originally treated by Professor E. A. 
Milne, and on ‘‘The Ionization in the Atmospheres of Celestial Bodies,” 
originally treated by Professor A. Pannekoek. 

The arrangement of the material in the new volume closely follows that 
of the original monographs. The numbers of the various sections have 
been retained wherever possible, and new material has been inserted in 
their appropriate places with the designations a, 6, c,. . . . , following the 
section numbers. Of the 718 pages of text, 513 are in German and 205 in 
English. The remaining 37 pages comprise a subject index for all volumes 
and a few corrections. 

The various contributions range from a few pages each to complete 
monographs on their respective subjects. Strémgren’s two articles, com- 
bined with the earlier contributions by Milne and by Pannekoek, repre- 
sent the best available treatise on the internal constitution of the stars 
and on ionization in stellar atmospheres. Schénberg’s articles, taken to- 
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gether, are almost unique; they are a complete textbook on theoretical 
photometry, thereby filling one of the principal gaps in the astrophysical 
literature. Miiller’s famous Photometrie der Gestirne was published in 1897 
and is no longer adequate for all branches of photometry. Ludendorff’s 
57-page article on “Variable Stars” is an exhaustive summary of all recent 
work in that field. Lundmark gives an equally exhaustive summary of 
‘‘Luminosities, Colors, Diameters, Masses of the Stars.’ Lindblad’s arti- 
cle on “The Milky Way” summarizes recent investigations on galactic 
rotation, interstellar absorption, and galactic structure. Some of these 
problems are also discussed by Malmquist, who writes on ‘“The Radial 
Velocities of the Stars.’’ Shapley’s contribution on “Stellar Clusters” will be 
appreciated as a useful Appendix to his earlier book on the same subject. 
The three articles on spectroscopy by Grotrian, Laporte, and Wurm 
are quite indispensable to the astrophysicist. The article on ‘Band Spec- 
tra’’ is especially useful, as it contains a thorough discussion of the astro- 
physical applications. These are usually omitted in the purely physical 
monographs. The index to the literature on this subject is practically 


complete. 
Otto STRUVE 


Osiris, Vol. I. Edited by GEORGE SARTON with the co-operation of R. C. 
ARCHIBALD, B. M. Frick, and A. Poco. Bruges, Belgium: St. Cather- 
ine Press, Ltd., 1936. Pp. 777. $6.00. 

This first volume of a new series of books on the history of science is 
dedicated by the editors to Professor David Eugene Smith, of Columbia 
University, on his seventy-sixth birthday. It contains thirty-six original 
articles on the history of mathematics, astronomy, and physics. Of par- 
ticular interest to astronomers are the contributions by E. Zinner, Die 
Tafeln von Toledo (Tabulae Toletanae); by A. Pogo, Three Unpublished 
Calendars from Asyut; by Benjamin Ginzburg, The Scientific Value of the 
Copernican Induction; by S. A. Ionides, Caesar’s Astronomy (A stronomi- 
cum Caesareum) by Peter Apian; by F. R. Johnsun, The Influence of 
Thomas Digges on the Progress of Modern Astronomy; by J. Millas i 
Vallicrosa, Una obra astronomica desconocida de Johannes Avendaut 
Hispanus; by J. Pelseneer, Une lettre inédite de Newton a Pepys. American 
readers will especially enjoy the Unpublished Letters of James Joseph 
Sylvester and Other New Information concerning His Life and Work, by 
R. C. Archibald. Sylvester’s numerous letters to Newcomb form an im- 
portant addition to the history of astronomy. The book should certainly 
be on the shelves of all astronomical libraries. 
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